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Abstract

Non-Orthogonal Multiple Access (NOMA) is regarded as one of the most
promising technologies for the fifth generation (5G) mobile communications.
This paper delves into the NOMA downlink power allocation under the
introduction of a Stackelberg game with uniform pricing and discounted
pricing strategies, specifically addressing scenarios involving imperfect suc-
cessive interference cancellation (SIC). The Stackelberg game is commonly
employed to characterize strategic interactions, inherently involving a leader
and followers. In this paper, the base station plays the role of the leader, mak-
ing decisions regarding the price charged to the followers. On the other hand,
users take on the role of followers, deciding the quantity of power to pur-
chase. In each round of the game, driven by the pursuit of maximizing their
respective utility functions, both roles iteratively adjust their strategies based
on the decisions proposed by the other party until reaching the Stackelberg
Equilibrium. Through the simulations, we compare the power allocated to the
users and the obtained achievable rates under different scenarios, including
imperfect SIC with uniform (ISIC-U) pricing strategy, imperfect SIC with
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discounted (ISIC-D) pricing strategy, and perfect SIC (PSIC). Simulation
results reveal that the proposed ISIC-U and ISIC-D can obtain better power
saving and fairness among achievable rates, while only sacrifice quite limited
total achievable rate.

Keywords: 5G, game theory, Stackelberg game, NOMA.

1 Introduction

Traditional Fourth Generation (4G) mobile communication employs Orthog-
onal Multiple Access (OMA) technology, utilizing different orthogonal chan-
nels for transmission to enable multiple users to communicate simultaneously
without interference. This technology has significantly improved spectrum
efficiency but falls short in meeting the increasing demand for wireless com-
munication posed by emerging technologies such as the Internet of Things
(I0T), Vehicle to Everything (V2X), Extended Reality (XR), and others. The
advent of the Fifth Generation (5G) mobile communication aims to enhance
Quality of Experience (QoE) and provide better Quality of Service (QoS).
To meet the requirements of QoE and QoS of 5G, Non-Orthogonal Multiple
Access (NOMA) technology allows multiple users to use the same channel
simultaneously, thereby greatly improving transmission efficiency.

NOMA technology can be further classified into Power Domain NOMA
(PD-NOMA) and Code Domain NOMA (CD-NOMA) [1]. This paper pri-
marily focuses on PD-NOMA, where multiple users are differentiated based
on different power levels when using the same channel simultaneously.
To achieve this, PD-NOMA relies on Successive Interference Cancellation
(SIC) [2, 3] at the receiver to eliminate interference between different users
on the same wireless channel. Although the use of SIC increases receiver
complexity, it significantly enhances transmission efficiency. However, the
principle of interference elimination and user discrimination through SIC
relies on clear differences in power allocation among users. The strength of
these differences directly impacts the interference elimination capability of
SIC, thereby affecting transmission rates.

Different from the performance analyses of the PD-NOMA under the
perfect SIC assumption, the study of PD-NOMA under the assumption of
imperfect SIC attracted limited attention [4] distorted the signal by adding
Rayleigh fading and AWGN to the signals of far users, that made SIC
unable to proceed perfectly, and analyzed the performances of perfect SIC
and imperfect SIC. The authors in [5] analyzed the residual interference
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in the case of imperfect SIC and proposed a power allocation plan that
targets energy-efficiency and reduces the impact of residual interference. The
concept of imperfect SIC is also widely used to discuss on the sharing band-
width [6]. In [7], the authors used improper Gaussian signaling to interpret
imperfect SIC and analyzed the resulted performance. Furthermore, studies
considering only the perfect SIC and employing price-based method to find
out the best power allocation schemes can be found in [8, 9]. Unlike previ-
ous researches related to PD-NOMA that assumed perfect SIC interference
elimination, this paper considers the imperfect SIC scenario and introduces a
Stackelberg game [10] to maximize the utility functions of the Leader and
Follower in downlink power allocation. This paper captures the iterative
decision-making process and continuous strategy adjustments through the
game-theoretic approach.

This paper is organized as follows. The system model is described in
Section 2. Sections 3 and Section 4 depict the proposed design of the
downlink power allocation with uniform pricing and its simulation results.
Section 5 describes the proposed design of the downlink power allocation
with discounted pricing. The simulation results of the proposed approach and
the performance comparisons with the existing price-based power allocation
method [8] are discussed in Section 6. Section 7 concludes this paper.

2 System Model

In the considered NOMA system depicted in Figure 1, the system comprises
a base station and multiple users. The distinctive feature of NOMA lies
in its ability to allocate wireless resources to users in a non-orthogonal
manner, enabling simultaneous usage by multiple users at the same time [11].

Figure 1 System model.
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Figure 2 Illustration of grouping users.

Assuming the system has N channels, and each channel can accommodate a
maximum of 2 users simultaneously. Hence, the total number of users the
system can accommodate is 2N. The power allocated to users on the channels
varies based on the proximity of users to the base station. Stronger power is
allocated to users farther away, while weaker power is assigned to users closer
to the base station. The subsequent explanation will delve into the grouping
methodology based on the proximity of users.

2.1 Grouping Users

The methodology used to group 2 users on every channel is based on
the proximity of users and is illustrated in Figure 2. Assuming that the
distances between the base station and any 2 users are different, the N
users farthest from the base station among the 2N users are labelled from
farthest to nearest as 1 to N. This group constitutes the set of distant users
U = {ui,ug,...,un}. The remaining N users, who have not yet been
grouped, are similarly labelled from farthest to nearest as 1 to N based on
their distances from the base station, forming the set of near users V =

{Ul,vg, e ,UN}.

2.2 The Grouping Results

The combination of the grouping results and channel allocation is illustrated
in Figure 3. Users in the sets U and V with the same label are assigned to
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Figure 3 Allocation of channels to groups.

the corresponding numbered channel. The two users on the same channel
are referred to as a user pair. The horizontal axis of Figure 3 represents the
channel number denoted by i, where ¢ = 1,..., N, and the vertical axis
denotes the power allocated to the channel, with P representing the total
power limit available for each channel. This paper assumes a fixed maximum
transmission power for the base station. Therefore, the maximum usable
power P on each channel is influenced by the total number of channels.
Specifically, with more channels, the total usable power P for each channel
decreases, and conversely, with fewer channels, the total usable power P for
each channel increases.

3 Downlink Power Allocation with Uniform Pricing
Strategy

3.1 Achievable Rate

Given the allocated power, the achievable rate can be calculated according to
Shannon’s law. Therefore, the achievable rate for user u; located on the i-th
channel can be defined as

Py |?

R, = Bl 14+ ——————
Usj ng( +Pvi|hui|2+02

), i=1,2,....N (1)

where the channel bandwidth is represented by B, the power of user u; is
represented by P,,, the power of user v; is represented by P,,, the channel
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gain of u; is denoted by |h,,|?, and the channel coefficient & is defined as
h =G -¢e-n-d”7, where G represents antenna gain, ¢ represents the fading
coefficient, n represents shadow fading, d represents the distance between the
user and the base station, and ~ represents the path loss exponent [12—14].
In this paper, the channel fading and the impact of antenna gain are not
considered, so the values of G, ¢, and 7 are set to 1. Finally, the channel
coefficient is simplified as h = d~7. In the calculation objective of (1),
considering the distance between the base station and user u;, the channel
gain can be expressed as |hy,|> = (dy;’)?, and o2 represents noise power.

Taking into account the imperfect interference elimination caused by SIC,
the achievable rate for users v; on the i-th channel can be defined as

Py, | I, |?
NP |l + 02

Rvi—Blog2<1+ ), 1=1,2,...,N 2)

The computation objective I?,, of (2) takes into account the distance
between the base station and the user v;. Therefore, the channel gain can be
expressed as |hy,|? = (dy; )% Besides, \; represents the interference weight-
ing factor, indicating the impact of interference that cannot be eliminated by
SIC. In this paper, this weighting factor is defined as

Py,
(17 Pvz )

Ni=e 3)

3.2 Utility of the Leader

Similar to the applications of Stackelberg game to solve the power allocation
problem in the mobile communications [15, 16], the utilities of Leader and
Follower need to be defined. In the designed Stackelberg game, the base
station acting as the Leader can be likened to a seller in the market, acquiring
profits by selling power. If the Leader charges users based on the per-unit
power «, then the utility for the Leader on the i-th channel is defined as

Ur, = ai(Py, + Py,) “4)

The optimization problem for the utility of Leader Uy, can be formu-
lated as
max Uy, = max(«;(Py, + Py,)) 3)
[e7]

&7

with the constraint

Alowerbound < O < Qypperbound (6)
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3.3 Utility of the Follower

In the designed Stackelberg game, the users are playing the role of the
Follower and can be likened to buyers in the market. On the ¢-th channel, the
Follower determines the desired power levels P,, and P, to purchase based
on the price «; proposed by the Leader. Subsequently, the power acquired
from the Leader is converted into transmission power using Equations (1)
and (2). This is considered as the revenue of Follower. The cost associated
with purchasing power is considered as an expense. The profit of Follower is
calculated by subtracting the cost from the revenue. Therefore, the utility for
the Follower on the i-th channel is defined as

By applying (1) and (2), (7) can be rewritten as

Pl ? )

Ur. = Bl 1+ —"—"%F"—"—
= (15 g

Py, |?
+Blogy [ 1+ ——- 2l

6(17137“1‘)

Parlho [ + 02
The optimization problem of Ur, can be defined by

P, |hy |2
max Up, = max <B log, <1 + M)

Pu,, Py, Pu, Py, Py |hy,;|* + o2
2
+ Blogy | 1+ (l—Puil)DvAhvi‘ — o(Py, + Py,)
PP 2 + 02
)

with the constraints

P P

§<PM<P,1§PUZA<§7 P,+PFP, <P (10)

The lower bound of the second constraint requests that the power of the
user v; must be at least 1 mW.

3.4 The Designed Stackelberg Game

The Stackelberg game, composed of a Leader and a Follower, begins with
the Leader formulating the initial strategy as the starting point of the game.



1160 Chih-Cheng Tseng et al.

Leader Follower

Initialization

PP Round 1

o Round 2

Stackelberg Equilibrium

Figure 4 Illustration of the operations of the proposed Stackelberg game.

Subsequently, during the course of the game, the Follower determines its
strategy based on the strategy of the Leader. The Leader, in turn, adjusts its
strategy in response to the choices of the Follower. This iterative process
continues until the game reaches equilibrium, wherein both parties aim to
maximize their respective utilities, leading to a convergence of strategies and
approaching optimal outcomes.

The operations of the Stackelberg game are illustrated in Figure 4.
Throughout the operations, the Leader and Follower continually make strate-
gic decisions based on known conditions, involving the calculation and
updating of (5) and (9). Both (5) and (9) represent constrained non-linear
convex optimization problems, which can be solved using the interior point
method. The resulting profits from each round serve as the basis for determin-
ing the range of the price, facilitating the contraction of the range to approach
the Stackelberg equilibrium (SE).

3.4.1 Operations in the initialization stage
According to the constraint in (6), the pricing strategy of Leader «; is upper
and lower bounded by aypperbound and jowerbona With the initial values of

0 0 . « e . .
Xypperbound AN Xpoyerpounqs Tespectively. Hence, the initial pricing strategy
0 : 0 0 0
of the Leader o is determined by o; ~ Ul crbound> Cupperbound)- 10 the

designed Stackelberg game, the Leader compares the profit of the current
round U¢" with that of the previous round Up,, using the comparison result
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as a basis for adjusting pricing strategies in subsequent rounds. The profit
of the first round is set to —1 in the proposed design, serving as a crucial
criterion to effectively identify whether it is the initial round of the game.
This also helps avoid incorrect comparisons between the profit of the current
round U7 and the previous round U7, especially when the Leader proposes
a high price that discourages the Follower from purchasing power. In such
cases, it could lead to an inaccurate comparison between the profit of the two
rounds. Additionally, the profit from the previous round is not meaningful in
the first round. The definition of rounds in the designed Stackelberg game
is determined by the Leader, starting from the decision-making process of
pricing and concluding when the Leader computes the profit for the current
round U

3.4.2 Operations in the First Round

Based on the given initial power pricing PSZ_ and Pq?i, Leader utilizes the
interior point method to determine the optimal pricing strategy «; for (5).
The obtained result is then forwarded to the Follower.

Based on the pricing strategy «; of the Leader, the Follower employs the
interior point method to find the optimal power allocation scheme P,; and
P, for (9). The Follower assesses whether this power allocation strategy is
profitable. If the price proposed by the Leader is too high, leading to potential
losses for the Follower, the Follower chooses not to purchase power, i.e.,
P,, = 0 and P,, = 0. Based on such a strategy, the Follower compels the
Leader to lower the proposed price. After determining the power purchase
decision for the current round, the Follower forwards the results to the Leader.

Considering the returned power allocation results P, and P,, from the
Follower, as well as the current pricing «;, the Leader calculates the actual
profit for the round U7'¢" using (4). The value of U, is then updated to U7
for reference in adjusting pricing in the next round.

3.4.3 Operations in the other rounds

In the rounds other than the first one, the Leader makes decisions based on
two different scenarios: Uy, = 0 and Uy, > 0. If Uy, = 0, it indicates
that the pricing strategy determined in the last round was too high, causing
the Follower unable to afford the cost of purchasing power. As a result, the
Leader gets no profit. Consider the situation where excessively high price
also prevents the Leader from making a profit. At the beginning of the
round, the Leader will adjust the upper limit of price through avypperbound =
(tupperbound + Clowerbound ) /2 to mitigate this issue. Subsequently, the Leader
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Table 1 Stackelberg game algorithm
1: Initialization: P,,?l ~ [](P/Q7 P), P’l?z ~ U[17 P/Q), OZZQ ~ U[alowerbound,auppe'r'bound]7
UL, = U&., count=0

2: Repeat

3 Obtain «; by using (5)

4 Obtain P,, and P,, by using (9)
5: if Ur, <0

6: P, =0,P, =0

7 Obtain U7" by using (4)

8 Qypperbound = (auppew‘bound + alowerbound)/2
9: end if

10  ifUp, =-1

11: Ur, =Ur"

12:  elseif UL > Uy,

13: Qupperbound = O

14:  elseif UL < Uy,

15: Qlowerbound = i

16: end if

17: if |U$" — Uz, | < Threshold
18: count=count+1

19: else

20: count=0

21: end if

22: Until count==Target

will recalculate the optimal pricing strategy «; based on the new pricing range
and forward the updated price to the Follower.

According to the updated «;, the Follower is tasked with determining
and updating a new power allocation strategy P,, and P,,. Similarly, after
examining whether there is any deficit under this power allocation strategy,
the Follower will forward the updated power allocation strategy to the Leader.

The Leader will utilize the received power allocation strategy P, and P,,,
along with the updated price «;, to calculate the profit for the current round
Upe® through (4), and then update the values of Uy, as U™, serving as a
reference for adjusting price in the next round. If Uz, > 0, the optimal price
found by utilizing the interior point method would be the upper limit among
the possible range of price. Therefore, continual updating and narrowing the
range will be required in the subsequent price adjustment process. The Leader
adjusts the upper or lower limit of the price by determining whether the profit
based on the decision in the current round U7 is better than the profit in
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the previous round Uy,. If lowering the price results in profit growth, i.e.,
Upe? — U, > 0, the Leader adjusts the upper limit of price by setting
Qypperbound = . Subsequently, the Leader continues to lower the upper
limit of the price through (cvypperbound + Clowerbound ) /2, While the lower limit
remains unchanged. Conversely, if lowering the price leads to reduced profit,
Le., Ur™ — Ur, < 0, the Leader increases the lower limit of price by setting
Qlowerbound = 0. Subsequently, the Leader continues to lower the upper limit
of pricing through (cupperbound + Qiowerbound)/2. The process is regarded
as converged to the Stackelberg equilibrium (SE) state if U7 — Uy, is
less than a threshold value, Uy, for a target consecutive number of rounds,
T cou- Before that, the process is repeated. The algorithm of Stackelberg game
mentioned above is shown in Table 1.

4 Simulation Results for Downlink Power Allocation with
Uniform Pricing Strategy

The simulations are conducted in MATLAB to illustrate the power allocation
results determined by the user pair in a Stackelberg game with respect to the
four distance cases shown in Table 2. In the simulation, it is assumed that
the coverage area of the base station is a circular region with a radius d,qg;ys-
The value of maximum power on each channel P is obtained by uniformly
assigning the transmit power of the BS (38 dBm) (in Table 6.2.1-1 of [17]) to
N channels. For simplicity, the initial power values for users u; and v; in the
simulation are assumed the same and fixed for the four cases. The parameter
values used in the simulation are outlined in Table 3. Based on Table 3, the
value of P is 525 mW.

Figure 5 shows the relationship between the allocated power and rounds
for Case 1. From the figure, it can be observed that for the first 6 rounds,
users u; and v; purchase zero power. This is because the pricing strategy
of the Leader in these rounds is too expensive, resulting in the Follower
being unable to profit from purchasing power. Therefore, they choose not

Table 2 The four distance cases

Item Definition Distance Pattern

Case 1  Users u; and v; are located around the cell edge dy; =250m,d,, =227m

Case 2 User u; is at the cell edge, User v; is close to the dy; =250m,d,, =1m
base station

Case 3 Users u; and v; are located around dyqdius /2 dy; =137m,d,, =114 m

Case 4  Users u; and v; are close to the base station dy, =24m,d,, =1m
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Table 3 Parameter values

Parameter Value Parameter Value

Channel bandwidth (B) 15 kHz Number of channels (V) 12

Cell radius (dradius) 250 m Utility of Leader in the first —1 bps
round (Ugi)

Noise power (o%) 6x107'* mW  Threshold value (U;,) 10 bps

Path loss exponent () 3 Target number of rounds 5
(Tcow)

Upperbound of initial price 10000 bps/mW Initial power of user u; (Pgi) 300 mW
(agpperbound)

Lowerbound of initial price 1 bps/mW Initial power of user v; (P;{_) 100 mW
(a?o’we’r'bound)

300

250

200

User u;

User v,

Power (mW)
@
[=]

100

50

0 . . .
0 5 10 15 20 25
Round

Figure S The relationship between the allocated power and rounds for Case 1.

to purchase power. As the pricing continues to decrease, starting from the 7-
th round, the Follower begins to be willing to purchase power. Additionally,
in the subsequent rounds, the proportion of power allocation varies due to
adjustments in the pricing strategy of Leader in each round, until the 24-
th round where convergence is achieved by satisfying the target number of
consecutive occurrences falling below the allowable value.

Figure 6 illustrates the relationship between the utility and rounds for
Case 1. From the figure, it can be observed that the utility for both the Leader
and the Follower is zero for the first 6 rounds. Referring to Figure 5, this is
because the price proposed by the Leader is too high, resulting in the Follower
not purchasing power, thereby preventing both parties from profiting. Starting
from the 7-th round, as the Leader reduces the price, the Follower starts to
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Figure 6 The relationship between the utility and the rounds for Case 1.
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Figure 7 The relationship between the allocated power and rounds for Case 2.

purchase power and the Leader begins to profit under this strategy. In the
subsequent rounds, there is a clear characteristic of trade-off between the
strategies of both parties. This is because the optimal decisions made by the
Leader and the Follower based on their respective utility functions are not
necessarily optimal for the other party. Therefore, through the progression
of the game, both parties continuously adjust their strategies to find an
equilibrium point.

Figure 7 shows the relationship between the allocated power and rounds
for Case 2. Similar to Case 1, users u; and v; do not purchase power initially
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Figure 8 The relationship between the utility and the rounds for Case 2.

due to the high initial pricing set by the Leader. Because the Follower is
reluctant to purchase power, the Leader also fails to profit as indicated
in Figure 8. However, as the price proposed by the Leader decreases, the
Follower becomes willing to purchase power, leading to profits for the Leader.
After the 2-nd round in Figure 8, the proportion of power allocation varies
due to adjustments in the price proposed by the Leader in each round. The
strategies of both the Leader and the Follower also mutually influence each
other. Convergence is achieved by the 24-th round due to satisfying the target
number of consecutive occurrences falling below the allowable value.

The simulation results for Case 3 and Case 4 exhibit similar trends to Case
1. Therefore, it can be inferred that the Stackelberg game with the uniform
pricing designed in this paper facilitates interaction between the Leader and
the Follower. The Leader adjusts pricing strategies based on actual profits,
while the Follower adjusts its power purchasing strategies in response. By
comparing the growth or decrease in profits, the upper and lower limits of
the price are updated, allowing for the contraction of the adjustable pricing
range. This gradual convergence in the game leads to the determination of
optimal pricing strategies and downlink power allocation.

However, from the analysis of the simulation results for the four different
cases, it is evident that the impact of reducing the price proposed by the
Leader on user u; is not significant. Regardless of the pricing adjustment,
user u; tends to purchase power at the minimum power constrained by (10).
This is because the designed Stackelberg game considers the perspectives of
both the Leader and the Follower, with utility functions designed to consider
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the interests of both parties. However, within the role of the Follower, which
encompasses users u; and v;, there are differences in distance and factors such
as interference, making user u; disadvantaged. Therefore, the Stackelberg
game conducted under a uniform pricing strategy may find the optimal power
allocation scheme for the Follower, but it may not be fair for user u; and may
not accurately reflect the impact of different pricing on the power purchase
of users. To address this issue, this paper attempts to introduce the concept
of offering preferential measures by proposing different pricing strategies for
users.

5 The Downlink Power Allocation with Discounted Pricing
Strategy

5.1 Reasons for User u; Purchasing The Lowest Power

Taking Case 2 as an example, Figures 9 and 10 respectively depict the
relationship between utility and rounds for the two Followers u; and v;.
From Figure 9, it can be observed that the profits of user u; are negative.
This is because the high pricing strategy set by the Leader results in user u;
incurring losses regardless of the amount of power purchased. However, from
Figure 10, such problem does not happen to user v;. Therefore, user u; tends
to opt for purchasing the minimum power to reduce losses so that the overall
profit of the Follower can be maximized. Consequently, the optimal decision
for the Follower is actually achieved by sacrificing the profits of user.

%10°

0

Utility of u, (bps)
IS & [} L

&
T

&

-70 5 10 15 20 25
Round
Figure 9 The relationship between the utility of u; and the rounds for Case 2.
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Figure 10 The relationship between the utility of v; and the rounds for Case 2.

5.2 The Design of The Discounted Pricing Strategy

Under the uniform pricing strategy, user u; incurs losses no matter how
much power it purchases. In order to solve this problem and to ensure fairer
profitability among users, this strategy needs to be modified. The pricing
decision-making process is retained, but the distance difference between
users u; and v; is converted to benefit the weaker party in terms of providing
discounted pricing. As the distance between two users increases, e.g., user
v; is close to the base station while user u; is at the cell edge, the weaker
party, i.e., user u;, receives higher discounts. However, if the users u; and
v; are close to each other, the discount for the weaker party decrease. Under
the discounted pricing strategy, the pricing for user u; is §; with an upper
limit of Bypperbound and an initial value of ngperbound. Since power cannot
be sold for free, and considering the maximum distance between users, the
maximum discount is capped at 99% off. The calculation of the price offered
to the weaker party in the discounted pricing strategy is defined as

0
aupperbound X (

ﬁgpperbound = 1—0.004 x (duz - dvz)) (11)

where d,,, represents the distance between user u; and the base station, and
d,, represents the distance between user v; and the base station, both in meter.
This discounted pricing strategy ensures that power is not given out for free
while also allowing user who are further away from the base station to enjoy
certain discounts.
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5.3 Simulation Results for Downlink Power Allocation with
Discounted Pricing Strategy

Figure 11 depicts the relationship between the allocated power and rounds
for Case 2 under discounted pricing strategy. Contrasting with Figure 7, it is
evident that by offering discounts to weaker user u; based on the distance,
there is a noticeable increase in the amount of power purchased by user
u;. Comparing the utilities for Case 2 under uniform pricing in Figure 9
and the discounted pricing in Figure 12, it can be observed that providing
discount to user u; has alleviated the burden of high costs, preventing user u;
from incurring losses and instead turning their situation from loss to profit,
resulting in a significant improvement.

However, as the utility of user u; increases, it is inevitable that the utility
of user v; will be affected as shown in Figures 10 and 13. However, comparing
the overall utility of the Follower under uniform pricing in Figure 8 with
the overall utility of the Follower under the discounted pricing as shown in
Figure 14, there is an increase in the overall utility of the Follower despites the
increase in the profit of user u; and the decrease in the profit of user v;. This
implies that the implementation of the discounted pricing, which considers
the differences between users and provides different pricing strategies, not
only addresses the fairness issue among users compared to the uniform
pricing but also further enhances the profit of Follower.

Based on the comprehensive simulation results, the data is organized
into Table 4. For simplicity, the ISIC-U and ISIC-D are used to represent

600

500

User u;

User v;

1001

a ! : . : ! ; : ;
0 2 4 ] 8 10 12 14 16 18
Round

Figure 11 The relationship between the power and the rounds for Case 2.
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discounted pricing.

the imperfect SIC with the uniform pricing strategy and the imperfect SIC
with discounted pricing strategy, respectively. Implementing the discounted
pricing strategy effectively increases the power purchase volume of user u;,
eliminates losses of user u;, and also leads to profit growth for followers.
Compared to the uniform pricing strategy, the discounted pricing strategy
enhances fairness in profit distribution between users u; and v;.
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Figure 14 The relationship between the utility and the rounds for Case 2 under discounted
pricing.

Table 4 Comparisons between uniform and discounted pricing strategies

Distances of user u; & v; = 250 & 1 (m)

Case 2 ISIC-U ISIC-D

Power of u; (mW) 263.5 522

Power of v; (mW) 6.2 2.7

Utility of u; (bps)  —382624 60231

Utility of v; (bps) 687944 680606

Total Utility (bps) 305320 740837

6 Comparisons between Different SICs and Pricing

Strategies

Different from previous studies where power allocation in PD-NOMA sce-
narios typically assumed perfect SIC (PSIC) [8], this paper first proposes
using uniform pricing strategy for downlink power allocation under imperfect
SIC (i.e., ISIC-U). Then, this paper identifies the unfairness inherent in the
uniform pricing strategy and proposes a discounted pricing strategy (i.e.,
ISIC-D) for downlink power allocation to address this issue. The power
allocated by the ISIC-U, ISIC-D, and PSIC [8] to maximize (7) and (9) are
summarized in Table 5.

As we can see from Table 5, because the interference can be completely
removed under the perfect SIC for the four cases, in order to reach the
maximum total achievable rate, user v; is allocated with 261.5 mW, which is
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Table S Comparisons of the allocated power
Distances of user
u; & v; = 250 & 227 (m)
Case 1 ISIC-U ISIC-D PSIC
Power of u; (mW)  263.5 263.5 263.5
Power of v; (mW) 28.9 28.9 261.5
Distances of user
u; & v; = 250 & 1 (m)

Case 2 ISIC-U ISIC-D  PSIC
Power of u; (mW)  263.5 522 263.5
Power of v; (mW) 6.2 2.7 261.5

Distances of user
U; & v = 137 & 114 (m)

Case 3 ISIC-U ISIC-D  PSIC
Power of u; (mW)  263.5 263.5 263.5
Power of v; (mW) 6.4 3.8 261.5

Distances of user
ui&vi :24&1(m)

Case 4 ISIC-U ISIC-D  PSIC
Power of u; (mW)  263.5 263.5 263.5
Power of v; (mW) 1 1 261.5

slightly smaller than the maximum power that can be allocated to it as defined
in (10). Similarly, to maximize the achievable rate, the rest of 263.5 mW is
allocated to user u;. As stated in (3), when imperfect SIC is considered, the
interference from user w; to user v; cannot be ignored if there is no significant
difference between the power allocated to them. In the ISIC-U, since there is
no incentive, user u; would only purchase the power slightly greater than the
minimum power needed to be allocated to it (i.e., 263.5 mW in Table 5).
In the ISIC-D, only when the separation distance between users u; and v;
is significantly long, e.g., the Case 2, the big discount calculated by (11)
encourages user u; to purchase much power. Hence, as shown in Table 5,
522 mW is allocated to user u;.

Based on the allocated power in Table 5, the obtained achievable rates
under ISIC-U, ISIC-D, and PSIC are shown in Figure 15 with respect to
the four cases. In the PSIC, since users u; and v; are allocated with the
near minimum and near maximum power that can be allocated to them,
the achievable rate of user v; is greatly higher than that of user w;. Let
Amaz and A, be the maximum and minimum achievable rates among the
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Table 6 Fairness

ISIC-U ISIC-D PSIC
Case 1 0.77 0.77 0.19
Case 2 0.08 0.11 0.02
Case 3 0.94 0.82 0.09
Case 4 0.18 0.18 0.02

Table 7 Percentages of the reduction of the total achievable rate

ISIC-U ISIC-D
Case 1 16.88% 16.88%
Case2  4.90% 4.88%
Case 3 8.48% 8.89%
Case 4 1.87% 1.87%

obtained achievable rates of users u; and v;. The fairness is defined as the
ratio of Apin t0 Apae. The higher the value of the fairness f, the fairer
of the achievable rates between users u; and v;. The values of fairness for
the obtained achievable rates under ISIC-U, ISIC-D, and PSIC correspond
to the four cases are listed in Table 6. Obviously, the proposed ISIC-U and
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ISIC-D greatly improve the fairness of the achievable rates between users
u; and v; under the four cases. The cost for the fairness improvement is the
reduction of the total achievable rates. The percentages of the reduction of
the total achievable rates are listed in Table 7. Evidently, the cost is quite
limited. Consequently, the proposed I-SIC-U and ISIC-D not only perform
power saving but also the fairness among the achievable rates between users
u; and v;.

7 Conclusions

Power allocation is a major challenge for the PD-NOMA in 5G communica-
tion systems. This paper employs Stackelberg game to allocate the power
in the scenarios with imperfect SIC, which would fail if users using the
same channel are allocated with similar power. The first proposed approach
employs uniform pricing strategy. The second approach employs discounted
pricing strategy. The proposed ISIC-U and ISIC-D can obtain much better
fairness in term of achievable rates among users and save much power.
Furthermore, the total achievable rate obtained by the proposed ISIC-U and
ISIC-D is close to that obtained by the PSIC.
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