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Abstract: Non-orthogonal multiple access (NOMA) is a new multiple access method that has been
considered in 5G cellular communications in recent years, and can provide better throughput than
traditional orthogonal multiple access (OMA) to save communication bandwidth. Device-to-device
(D2D) communication, as a key technology of 5G, can reuse network resources to improve the
spectrum utilization of the entire communication network. Combining NOMA technology with
D2D is an effective solution to improve mobile edge computing (MEC) communication throughput
and user access density. Considering the estimation error of channel, we investigate the power of
the transmit nodes optimization problem of NOMA-based D2D networks under the rates outage
probability (OP) constraints of all single users. Specifically, under the channel statistical error
model, the total system transmit power is minimized with the rate OP constraint of a single device.
Unfortunately, the problem presented is thorny and non-convex. After equivalent transformation of
the rate OP constraints by the Bernstein inequality, an algorithm based on semi-definite relaxation
(SDR) can efficiently solve this challenging non-convex problem. Numerical results show that the
channel estimation error increases the power consumption of the system. We also compare NOMA
with the OMA mode, and the numerical results show that the D2D offloading systems based on
NOMA are superior to OMA.

Keywords: power optimization; Internet of Things (IoT); non-orthogonal multiple access (NOMA);
outage probability; D2D transmission

1. Introduction

With the development of Internet of Things (IoT) technology and the diversification of
mobile communication services, people’s dependence on intelligent devices is increasing.
However, with the increase in the number of intelligent terminal devices, people’s business
needs become more and more frequent, and their requirements for data throughput become
higher, which makes the scarce spectrum resources more strained [1,2]. Therefore, it is
necessary to improve the capacity and spectral efficiency of communication networks to
support the growing communication services while ensuring their performance [3,4]. As
an essential technology in 5G communication systems, device-to-device (D2D) networking
has been studied extensively. In D2D communication networks, devices can communicate
directly with each other by reusing cellular user resources. This D2D scheme not only
reduces the base station (BS) and server workload, but also improves the spectrum efficiency
of the communication system [5,6]. In recent years, mobile edge computing (MEC) has
become a task-intensive application that reduces computing latency by utilizing local and
edge computing on the device [7]. However, the computing resources and capacity of
edge servers are limited, so we need to find ways to reduce the heavy computing burden.
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Therefore, D2D communication is adopted to reduce the burden of edge servers through
user cooperative offloading [8–11].

The D2D network, as a vision technology of the next generation communication sys-
tem, can increase coverage, resource reuse, data transmission with high rate and low delay,
and support many applications, such as mobile cloud computing and resource sharing [12].
D2D technology has been considered for the ultra-dense network of collaborative posi-
tioning, and is expected to achieve ubiquitous positioning with an accuracy of less than
one meter to meet the 5G requirements. The authors of [13] analyzed the advantages and
disadvantages of D2D as an enabling technology for cooperative cellular localization. The
authors of [14,15] adopted different algorithms to allocate channels and control power
with the goal of improving the energy efficiency of devices. The authors of [16] studied
D2D networks resource allocation schemes to minimize the power consumption of cellular
users and D2D users. The authors of [17] adopted deep learning to solve the prediction
problem of D2D channel gain. The authors of [18] aimed at minimizing latency in intel-
ligent reflecting surface (IRS) assisted D2D offloading systems by jointly [19] optimizing
IRS phase shift and resource allocation algorithm. In [19], the authors adopted an iterative
algorithm to realize the optimal power distribution to maximize the energy efficiency of
D2D networks. To improve the energy efficiency of D2D networks, the authors in [20]
proposed a joint power resource allocation method in deploying D2D networks to improve
system throughput, users service quality, and power consumption. The authors of [21]
proposed an optimization algorithm combining energy collection, time slot allocation,
power and spectrum iteration to maximize the energy efficiency of D2D networks.

In addition, apart from using D2D to optimize the spectral efficiency of wireless
networks, another essential technique, non-orthogonal multiple access (NOMA), can also
able to improve the spectral efficiency and increase system coverage. The authors of [22]
first discovered NOMA’s potential in 5G networks and verified that NOMA is superior to
OMA in channel capacity and user fairness. NOMA is considered one of the promising
new technologies in future 5G networks, as it can dramatically improve the efficiency of the
communication spectrum [23]. Unlike previous multi-access technologies, NOMA’s basic
idea is that users can transmit data in the same frequency band over the same time slot, and
the data sent to different users can be distinguished by different transmission power levels.
In particular, the advantages are more evident in the case of power domain multiplexing
NOMA, allowing multiple users to share spectrum resources and using serial interference
elimination (SIC) technology to achieve multi-user detection. Although NOMA increases
the complexity of the receiver compared with traditional orthogonal multiple access (OMA),
it significantly improves the frequency spectrum utilization of the communication system.

As described in Figure 1, the base station sends two superimposed user signals, and
the link gain of device 2 is higher than that of device 1 in a NOMA communication system.
Downlink NOMA assigns higher transmit power to users with poor link gain and lower
transmit power to users with good link gain. With the SIC method, the user’s signal with
the highest transmitting power is decoded first, followed by the second most powerful
signal, and so on until all signals are separated.

So far, there have been a lot of studies on NOMA in different application scenarios.
The authors of [24] maximized the system sum rate by jointly optimizing user–subchannel
allocation and users’ power allocation. The authors of [25] improved the data throughput
of NOMA-based systems by optimizing the subcarrier power allocation scheme. Assuming
perfect instantaneous CSI, the authors of [26] adopted the MIMO-NOMA framework
to study the method of eliminating interference between clusters. The authors of [27]
innovatively proposed a NOMA scheme for large-scale MIMO systems considering finite
feedback channels. However, D2D technology or NOMA technology was used alone in the
above research scenarios. Due to the popularization of IoT, large-scale access will further
aggravate the spectrum congestion of communication network. We propose to combine
NOMA technology with D2D technology, which can significantly improve the performance
of IoT systems.
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Figure 1. Downlink NOMA network with two users.

1.1. Related Works

Large-scale D2D communication will further aggravate spectrum congestion in com-
munication networks. NOMA can easily integrate existing advanced solutions, such as
Internet of Things (IoT) [28] and D2D communications [29]. Combining NOMA technology
with D2D technology can significantly improve the performance of the D2D network.
The basic idea of NOMA-based D2D is to allow the receiver to access data over the same
time slot and the same frequency band via transmitters by superimposed encoding. Then,
using SIC technology, each user of the D2D system can accurately extract data from the
superposition signal [29].

The authors of [30] optimized subchannel allocation and power control to maximize
the throughput of the D2D system and applied NOMA technology in D2D links to maxi-
mize spectral efficiency. The authors of [31] studied the full-duplex D2D assisted mm-Wave
NOMA networks and derived closed expressions for (outage probability) OP and traversal
capacity. In [32], with sharing spectrum resources through NOMA, power control allo-
cation was optimized to maximize the total rate of D2D user pairs while ensuring users’
rate constraints. The authors of [33] studied the integration model of NOMA and D2D
communication and further deduced the expression of OP that both uses in NOMA get
high rate under the fixed power constraint. The authors in [10] studied the NOMA-based
D2D-assisted MEC systems by deploying a D2D network to realize user collaboration
and reduce the load of edge servers. The transmitters in the D2D system send data to the
receivers simultaneously through NOMA technology, the authors of [34] summarized an
effective power distribution algorithm which effectively solves the resource allocation prob-
lem of the NOMA-based D2D communication system. Based on a fixed power allocation
strategy, the authors of [35] derived the closed expressions of OP and traversal capacity of
D2D NOMA in both complete and incomplete SIC cases. The authors of [36] derived the
closed-form expressions of ergodic sum rate, OP without eavesdropper, and secrecy rate
with an eavesdropper in D2D-NOMA systems, respectively.

1.2. Main Contributions

Until now, most of the research works on NOMA-based D2D networks have assumed
that channel status information (CSI) is completely known. However, in some practical
application scenarios, it is hard to obtain the perfect CSI of communication system. Channel
estimation error has a close influence on system performance. Therefore, it is of great
significance to study parameter optimization of NOMA-based D2D network systems under
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imperfect CSI. The authors of [37] proposed that the power used to transmit signals by
IoT devices is much greater than the power used to collect data. Since mobile devices
in D2D networks are battery powered, D2D communication can minimize the power
consumption of devices during data transmission to prolong the life cycle of devices. The
main contributions of the work are summarized as follows:

(1) In MEC, D2D communication technology is adopted to reduce the burden of edge
servers through user cooperative offloading.

(2) Due to the inevitable CSI estimation error, the total transmit power minimization
problem of D2D systems is established subject to individual rate OP constraints under
the imperfect CSI model. Here, the rate OP constraint represents the probability that
each user’s rate reaches its minimum rate requirement with a probability greater than
the preset probability.

(3) The problem formulated is non-convex, and it is hard to tackle. The equivalent
transformation of the rate OP is carried out using the Bernstein inequality, and then
the reformulated problem can be efficiently solved by semi-definite relaxation (SDR).

(4) The numerical results show that the level of statistical error has a great influence on
the performance of the NOMA-based D2D system. Specifically, the total transmitted
power decreases as the error decreases.The numerical results also verify that the
system power consumption of D2D with NOMA is better than OMA.

The rest of the work is arranged as follows. Section 2 describes the signal model
and channel uncertainty model. Then, the power optimization problem subject to the
rates outage probability (OP) constraint and its solution method are described in detail
in Section 3. We analyze the simulation results in Section 4. Finally, Section 5 shows the
conclusion of this article.

Notations: We use a bold lowercase letter and bold uppercase letter to define the
vector and matrices, respectively. ‖•‖F and ‖•‖ denote the Frobenius norm of the matrix
and Euclidean norm of a vector, respectively. XH denotes the Hermitian of a matrix X.
X < 0 means that X is positive semi-definite. The trace of the matrix is defined by Tr{•}.
The complex and real field are described as C and R, respectively. In addition, λ max (·)
and λ(•) denote the maximum eigenvalue and eigenvalue of the matrix, respectively.

2. System Model

In this paper, we analyze the D2D communication system based on NOMA, and
we assume that the SIC process of D2D communication based on NOMA is perfect. As
shown in Figure 2, there are L D2D link pairs in the system. We denote by gl ∈ C the link
coefficient from transmitter DTl to receiver DRl , where l ∈ L = 1, 2, ..., L.

Figure 2. System model for the NOMA-based D2D communication system with L D2D links.



Electronics 2022, 11, 256 5 of 14

2.1. Signal Model

The transmit data for user DTl xl are assumed to have unit variance, i.e., E
(

xl xH
l
)
= 1.

We denote the transmit power of D2D link l by pl . The received signal of DRl is as follows:

yl =
L

∑
i=1

gH
l
√

pixi + n, (1)

where n ∈ C CN (0, σ2) is the channel noise vector, and the signal-to-interference-plus-noise
ratio (SINR) of link l in the NOMA-based D2D communication network can be expressed as

zl =

∣∣gH
l

∣∣2 pl
L
∑

i=l+1

∣∣gH
l

∣∣2 pi + σ2
. (2)

Then, the achievable rate of link l is given by

Rl = Blog2

1 +

∣∣gH
l

∣∣2 pl
L
∑

i=l+1

∣∣gH
l

∣∣2 pi + σ2

, (3)

where B is the communication bandwidth of D2D systems.

2.2. Channel Uncertainty Model

In D2D communication systems, it is impossible to transmit the infinite feedback
information containing large numbers of signals between the transmitter and receiver, so it
is difficult to obtain perfect CSI. We assume that the channel between users is imperfect,
which is represented as

gl = ĝl + ∆gl , (4)

where ĝl is the estimated channel vector, and ∆gl is the corresponding channel estimation
error vector.

In this paper, we consider the CSI statistical error model. Specifically, all CSI errors are
assumed to satisfy the i.i.d. complex Gaussian distributed entries, i.e.,

vec(∆gl) ∼ CN (0, Σl), Σl < 0, ∀l ∈ L, (5)

where Σl ∈ C is positive semi-definite error covariance matrices.

3. Problem Formation and Solution
3.1. Problem Formulation

In this paper, we aim to optimize the total system transmit power of the NOMA-
based D2D communication network under the individual rate OP constraints at the users.
Specifically, under the channel statistical error model, the total system transmit power is
minimized with the rate OP of a single device as a constraint.The total transmit power of
the NOMA-based D2D communication network can be expressed as follows:

ptotal =
L

∑
l=1

pl . (6)

The rate OP of the system users can be defined as the following expression:
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Pr

Blog2

1 +

∣∣gH
l

∣∣2 pl
L
∑

i=l+1

∣∣gH
l

∣∣2 pi + σ2

 ≥ rl

 ≥ 1− ρl , (7)

where rl is the minimal target rate for user l, and ρl is the OP threshold.
According to Equations (6) and (7), the optimization problem is summarized as the

following expression:

min
p

L

∑
l=1

pl (8a)

s.t. C1 : Pr{Rl ≥ rl} ≥ 1− ρl , ∀l ∈ L (8b)

pi ≥ pl , ∀i < l (8c)∣∣∣gH
1

∣∣∣ ≤ ... ≤
∣∣∣gH

L

∣∣∣. (8d)

Note that constraints (8b) are the individual rate outage constraint, which ensures
that the rate OP of the user should be smaller than the threshold ρl in the presence of
channel estimation errors. It should be noted that the occurrence of rate outages is not
only related to the CSI estimation error, but also to the poor link quality itself. In the
NOMA transmission mode, higher transmission power is assigned to the user with poor
link gain, and lower transmission power is assigned to the user with good link gain to
ensure correct decoding at the receiver. Constraints (8c) and (8d) ensure that the users can
correctly decode the received information during NOMA using the SIC method.

The difficulty in solving problem (8) lies mainly in the constraint (8b), because (8b) is
only a probability form. The closed expression for OP can be obtained using the method
described in [38]. To make problem (8) easy to solve, we suggest a new way to deal with
(8b). Specifically, we would firstly transform (8b) into an equivalent tractable formulation.
In the next subsection, we propose specific solutions to problem (8).

3.2. Beamforming Design

Solving problem (8) is complicated due to the non-convex constraints (8b). Thus, we
would first use the Bernstein inequality to transform constraints (8b) into an equivalent and
tractable form. Specifically, an equivalent transformation based on the Bernstein inequality
is described in Lemma 1.

Lemma 1 (Bernstein inequality [39]). Assume F(s) = sHUs + 2Re
{

uHs
}
+ v , where

U ∈ Hn×n , u ∈ Cn×1 , v ∈ R and s ∈ Cn×1 ∼ CN (0, I). Then for any δ ∈ [0, 1], the
following transformation holds:

Pr
{

sHUs + 2 Re
{

uHs
}
+ v ≥ 0

}
≥ 1− δ

⇒ Tr{U} −
√

2 In(1/δ)s + ln(δ)λ+
max(−U) + v ≥ 0

⇒


Tr{U} −

√
2In(1/δ)s + ln(δ)t + v ≥ 0√
‖U‖2

F + 2‖u‖2 ≤ s
tI + U < 0, t ≥ 0,

(9)

where λ+
max(−U) = max(λmax(−U), 0) . s and t are slack variables.

Before the transformations, the rate OP constraint of link l in (8b) is explicitly re-
described as follows:
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Pr

{
B log2

(
1 +

∣∣gH
l

∣∣2 pl

∑L
i=l+1

∣∣gH
l

∣∣2 pi + BN0

)
≥ rl

}
= Pr

{
gH

l Φl gl − BN0 ≥ 0
}

.

(10)

where Φl =
pl

2
rl
B −1
−∑L

i=l+1 pi.

For convenience, we assume that Σl = ε2
l I, then the error defined in (5) can be

rewritten as vec(∆gl) = ε l il , where il = CN (0, I). Then the rate OP constraints (8) can be
reformulated as follows:

Pr
{

gH
l Φl g

H
l − BN0 ≥ 0

}
= Pr

{
vecH(∆gl)Φl vec(∆gl) + 2 Re

{
vec
(

ĝH
l Φl

)
vec(∆gl)

}
+ ĝH

l Φl ĝl − BN0 ≥ 0
}
↓

= Pr
{

ε2
l iH

l Φl il + 2 Re
{

ε l vec
(

ĝH
l Φl

)
il
}
+ ĝH

l Φl ĝl − BN0 ≥ 0
}

.

(11)

Substitute (11) into (8b). According to Lemma 1, the rate OP constraints (8b) in (8) are
given as follows

Pr
{

iH
l Ul il + 2 Re

{
uH

l il

}
+ vl ≥ 0

}
≥ 1− ρl , (12)

where
Ul = ε2

l Φl

ul = ε l vec
(

ĝH
l Φl

)
vl = ĝH

l Φl ĝl − BN0.

Apply Lemma 1 presented above to the equivalent transformation of expression (12).
First, we introduce two auxiliary variables s = [s1, · · · , sl ]

T and t = [t1, · · · , tl ]
T , and then

according to equation (9), constraint (12) can be equivalent to the following determinis-
tic form:

Tr{Ul} −
√

2 In(1/ρl)sl − ln(ρl)tl + vl ≥ 0 (13a)√
‖Ul‖2

F + 2‖ul‖2 ≤ sl (13b)

tlI + Ul < 0, tl ≥ 0, (13c)

(13) can be simplified by the following series of mathematical transformations:

Tr{Ul} = ε2
l Tr(Φl) = ε2

l Tr(Φl)Tr(E) = ε2
l Tr(Φl) (14a)

‖Ul‖2
F = ε4

l ‖Φl‖2
F (14b)

‖ul‖2 = ε2
l

∥∥∥ĝH
l Φl

∥∥∥2

2
, (14c)

λ(Ul) = λ
(

ε2
l Φl

)
= ε2

l λ(Φl), (14d)

where λ(Ul) represents the eigenvalue operation of Ul . According to (13) and (14), con-
straint (8b) can be converted to the following form:

ε2
l Tr(Φl)−

√
2 In(1/ρl)sl − ln(ρl)tl + vl ≥ 0, ∀l ∈ L (15a)∥∥∥∥ ε2

l vec(Φl)√
2ε lΦl ĝl

∥∥∥∥ ≤ sl , ∀l ∈ L (15b)

tlI + ε2
l Φl > 0, tl ≥ 0, ∀l ∈ L (15c)

Replace constraint (8b) with expression (15) equivalent, then the equivalent form of
optimization problem (8) is as follows:
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min
p,s,t

L

∑
l=1

pl (16a)

s.t. ε2
l Tr(Φl)−

√
2 In(1/ρl)sl − ln(ρl)tl + vl ≥ 0, ∀l ∈ L (16b)∥∥∥∥ ε2

l vec(Φl)√
2ε lΦl ĝl

∥∥∥∥ ≤ sl , ∀l ∈ L (16c)

tlI + ε2
l Φl > 0, tl ≥ 0, ∀l ∈ L (16d)

pi ≥ pl , ∀i < l (16e)∣∣∣gH
1

∣∣∣ ≤ ... ≤
∣∣∣gH

L

∣∣∣. (16f)

After the equivalent transformation, problem (16) is still complicated due to its non-
convex.

3.3. Matrix Lifting

To solve non-convex problem (16), we redescribe the optimization problem as SDP
by matrix lifting. We denote Pl =

√
pl
√

pl
H , which is a symmetric positive semi-definite

(PSD) matrix of rank one. Then, problem (16) can be equivalent as follows:

PA : min
p,s,t

L

∑
l=1

Tr{Pl} (17a)

s.t. ε2
l Tr(Φl)−

√
2 In(1/ρl)sl − ln(ρl)tl + vl ≥ 0, ∀l ∈ L (17b)∥∥∥∥ ε2

l vec(Φl)√
2ε lΦl ĝl

∥∥∥∥ ≤ sl , ∀l ∈ L (17c)

tlI + ε2
l Φl > 0, tl ≥ 0, ∀l ∈ L (17d)

Pl > 0, ∀l ∈ L (17e)

rank(Pl) = 1, ∀l ∈ L (17f)

pi ≥ pl , ∀i < l (17g)∣∣∣gH
1

∣∣∣ ≤ ... ≤
∣∣∣gH

L

∣∣∣. (17h)

After restating problem (16) as an SDP problem, we can deal with the nonconvexity
in problem (17) via the SDR technique [40], i.e., ignoring rank(Pl) = 1, ∀l ∈ L from
problem (14). The SDP problem obtained can be effectively resolved by using the CVX
tool [41]. It is worth noting that if the solution obtained satisfies the rank 1 constraint, the
optimal solution of the original problem can be obtained through Cholesky decomposition.
Otherwise, if the solution obtained by the SDR method does not meet rank 1, the Gaussian
randomization method should be used to obtain the suboptimal solution [40]. Summarily,
the SDR method for solving problem PA is summarized in Algorithm 1.
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Algorithm 1: SDR Algorithm for Problem PA.

1:Input random initial value pl
0, set predefined threshold ε > 0 .

2:Output P∗.
3: for t← 1, 2, · · · , do
4: Solve the problem PA, to get Pt.
5 if

∣∣∣∑L
l=1 Tr

{
Pt

l
}
−∑L

l=1 Tr
{

Pt−1
l

}∣∣∣ < ε, then

6: P∗ = Pt.
7: if rank(P∗) = 1, then
8: Cholesky decomposition for P∗ =

√
pl
√

pl
H to obtain pl

∗.
9: break
10: else
11: Gaussian randomization to obtain pl

∗

12: break
13: end
14: end
15: end

4. Simulation Results and Analysis

In this section, we provide the simulation results of optimizing the total transmit
power for NOMA-based D2D offloading systems in the presence of CSI estimation error.
We compare the numerical results of NOMA and OMA multiple access. We analyze the
influence of CSI estimation error on system performance.

4.1. Simulation Settings

In the simulations, we assume that transmit users of the D2D system are evenly
distributed in a circle with (0,0 m) as the center and a radius of 3 m, and receive users
of the D2D system are evenly distributed in a circle with (30,0 m) as the center and a
radius of 3 m. Here, we assume that the channel model includes small-scale fading and
large-scale fading. Here, we assume small-scale fading obeys Rayleigh distribution, and
the model of large-scale fading is defined as PL = −30− 10αlog10(d)dB, where α represent
the link loss index and d represent the link distance between transmit users and receive
users. For the CSI statistical error model in this paper, the variance of vec(∆gl) is defined
as Σ2

l = γ2|vec(ĝl)|2, γ ∈ [0, 1) measures the degree of CSI uncertainty. We assume that the
minimum constraint rates are the same for all users, i.e., r1 = · · · = rl = r, and we also
assume that the rate OP thresholds are the same for all users, i.e., ρ1 = · · · = ρl = ρ. The
settings of simulation parameters are shown in Table 1.

Table 1. Settings of simulation parameters.

Parameter Value

link loss index of users α = 2
Noise power

{
σ2}L

l=1 = −80 dBm
Convergence tolerance ε = 10−4

Communication bandwidth B = 107 Hz

4.2. Results Analysis

Figure 3 illustrates the minimum transmit power versus the rate OP threshold when
the communication channel is imperfect. We assume user pairs L = 2, and the degree
of CSI uncertainty γ = 0.02. As the rate OP threshold increases, the transmit power in all
cases decreases significantly, indicating that the lower the communication quality of the
system, the less transmit power required by the NOMA-aided D2D system. From Figure 3,
we can also observe that the higher the minimum rate of user communication, the greater
the transmission power required by the system. The reason is that the system needs more
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power to improve the communication quality of the NOMA-based D2D system. That is,
there is a trade-off between the communication quality and transmit power.
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Figure 3. Transmit power versus the rate outage probability threshold ρ, whenL = 2, γ = 0.02 .

Figure 4 illustrates the minimum transmit power versus minimum rate constraint r
for all users when the communication channel is imperfect. We assume user pairs L = 2
and the rate OP threshold ρ = 0.05. From Figure 4, we can observe that as the channel
estimation error increases, the transmit power required by the system also increases. This
is because the system needs to spend more transmit power to compensate for the rate loss
caused by channel errors. In Figure 4, we also compared the total transmit power of the
system under NOMA and OMA. As shown in Figure 4, the transmitting power of the
OMA communication mode is much higher than that of the NOMA communication mode
under the same system parameters. This is because NOMA allows all node users to use
all spectrum resources at the same time, which greatly improves spectrum efficiency. It is
verified in Figure 3 that there is a trade-off between the system’s transmit power and the
user’s transmit rate. So, NOMA can significantly save system power compared to OMA at
the same transmission rate.

Figure 5 illustrates the minimum transmit power versus user pairs L when the commu-
nication channel is imperfect. We assume the degree of CSI uncertainty γ = 0.02 and the
rate OP threshold ρ = 0.05. As can be seen from Figure 5, the transmit power of the system
increases sharply with the increase in the number of user pairs. The rapid increase in nodes
in the IoT will greatly increase the power consumption of the communication system, so
the power optimization of the communication system becomes a non-negligible problem.
Figure 5 also illustrates that NOMA multiple access can improve system performance better
than OMA. This is because NOMA technology can greatly improve the spectral efficiency
of the system, which can accommodate more users under the same channel bandwidth.

Figure 6 illustrates the minimum transmit power versus statistical CSI error γ when
the communication channel is imperfect. We assume user pairs L = 2 and the rate OP
threshold ρ = 0.05. From Figure 6, we can observe that the transmit power of the system
increases with the increase in the user’s minimum constraint rate, indicating that the system
needs more power to ensure the user’s transmission rate. So, there is a trade-off between
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system power consumption and user speed. We can also see from Figure 6 that the transmit
power of OMA communication is much higher than that of NOMA. This is because NOMA
technology has a much higher spectral efficiency than OMA, which better compensates for
user rate losses due to channel errors.
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Figure 4. Transmit power versus minimum rate constraint r , when L = 2, ρ = 0.05 .
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Figure 5. Transmit power versus minimum rate constraint r , when γ = 0.02 , ρ = 0.05.
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Figure 6. Transmit power versus statistical CSI error, when L = 2 , ρ = 0.05.

We measure system outage in terms of feasibility rate. Specifically, we define the
feasibility rate as the ratio of the feasible channel number to the total channel number
subject to the rate OP of user, in which the feasible channel refers to the feasible solution
of rate OP constraint optimization problem (8). Figure 7 shows the feasibility rate of the
D2D system versus rate outage probability threshold ρ. From Figure 7, we can find that the
probability of communication outage is consistent with the preset rate outage probability
threshold, which also verifies the effectiveness of our proposed algorithm.
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Figure 7. Feasibility rate versus rate outage probability threshold ρ, when L = 2 .
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5. Conclusions

In this paper, NOMA communication is suggested to assist D2D communication in
saving system bandwidth and improving communication efficiency. We investigated and
analyzed the robust beamforming design under imperfect CSI of the NOMA-based D2D
offloading systems. We considered the influence of CSI uncertainty on the beamforming
design. Our goal was to optimize the system transmit power under the rate OP constraint
under the CSI statistical error model. The results show that the larger the channel estimation
error, the greater the system power consumption. We also compared the impact of NOMA
and OMA on the system, and the numerical results show that NOMA multiple access can
improve system performance better than OMA.
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