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ABSTRACT Power allocation in non-orthogonal multiple access (NOMA) systems is essential to avoid
multi-user detection failure. However, controlling the uplink transmission power brings extra signaling
overhead, especially in dynamic environments. In this paper, we investigate the uplink transmission power
allocation problem in an unmanned aerial vehicle (UAV)-aided platooning NOMA system, where the UAV
acts as a relay to assist inter-vehicle communications. Platoon vehicles are admitted to the same vehicle-
to-UAV channel via our proposed sequence-based power allocation (SPA) strategy. Instead of achieving the
optimal energy efficiency, our goal is to design a simple yet effective power control scheme. Specially, in SPA
strategy, vehicles determine their transmission power according to their positions in the platoon. Considering
platoon dynamics due to vehicle mobility, a power-reserved mechanism is further incorporated in the
proposed strategy to pre-allocate power resources for newly joined vehicles. In addition, a power-moving
mechanism is further employed to guarantee the uplink signal-to-interference-plus-noise ratio (SINR) of
vehicles by changing vehicle transmission power into higher levels during vehicle leaving a platoon. As
the system only needs to update vehicle positions for the SPA strategy, only a small amount of signaling is
required in our power allocation strategy. Extensive simulation results are provided to demonstrate that the
proposed SPA strategy ensures the required SINR of platoon communication in different dynamic scenarios.

INDEX TERMS UAV relay, vehicle platooning, non-orthogonal multiple access, power allocation.

I. INTRODUCTION
Non-orthogonal multiple access (NOMA) is a promising
technology to improve spectrum efficiency by allowing users
to share the time/frequency resources [1]. For instance,
the grant-free (GF) users can access to the channel occupied
by the grant-based (GB) users [2]. Therefore, power allo-
cation in NOMA is essential to control interference among
users and satisfy quality of service (QoS) requirement [3], [4].
Existing research works have studied how to optimize the
power allocation in conventional NOMA systems, whichmay
incur extra signaling overhead and channel access latency [5].
To address this issue, several research works have been
devoted to simplify power allocation schemes. For example,
without requiring the centralized control of the base station
(BS), users can adopt a channel inversion power control
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policy to determine their transmission powers [6]. Another
way is to control the access contention when user transmis-
sion powers are fixed, where users decide whether to join a
channel according to the transmission determination criterion
broadcasted by the BS [2]. Specially, a number of emerg-
ing methods, such as evolutionary game, user pairing, and
reinforcement learning, were invoked to determine optimal
system decisions [7]–[9].

NOMA is also considered in vehicular networks to
address the challenges of massive connectivity [10]–[12].
For instance, in a network system that amalgamates NOMA
with spatial modulation, the throughput of high priority
flows is maximized while the QoS of low priority flows
is supported [10]. Besides achieving optimal power alloca-
tion with various objectives, some power control schemes
with low system overhead, such as the clustering-based,
the machine learning-based, have been studied [13], [14].
In addition, a cache-aided NOMA is proposed to treat the
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FIGURE 1. A scenario of vehicle platoon communication.

pre-cached contents of vehicles as decoded signals to get
high throughput [15]. However, few literature works focus on
the safety-related message transmission with NOMA-aided
vehicular communication, which requires a low-latency
transmission power management [10]. This paper applies the
power-domain NOMA in the vehicle platooning, which is
an important application in 5G networks [16], [17]. Fig. 1
illustrates the messages transmitted among platoon vehicles,
where vehicle 0 is a platoon leader (PL) and the other vehicles
are platoon members (PMs). sk0 is the message from PL to
vehicle k (∀ 1 ≤ k ≤ K ), by which the PL informs the PMs
of the desired speed, distance headway, and some road condi-
tions. For two adjacent vehicles k and |k + 1| in the platoon,
the front vehicle k sends message sk+1k to vehicle |k + 1| to
share real-time speed, acceleration, and position information.
The message s0k is from PM to PL, which contains the vehicle
joining/leaving request and message acknowledgment.

Utilizing NOMA in platoon brings two advantages as
compared to traditional orthogonal multiple access (OMA)
technoligies. One is reducing the platoon’s occupation of
radio resources, as NOMA has a higher spectral efficiency
than OMA. Another is shortening the cycle delay. As shown
in Table 1, with a single channel, the spent time of all vehicles
completing a message exchange (referred to as cycle delay)
via the OMA technology is (2K + 1) slots (the time period
of one message sending). Consider message sk+1k have both
different source nodes and destination nodes, and sk0 is usually

TABLE 1. Delay comparison of different communication scheme
( 1©: Messages transmitted via OMA; 2©: Messages transmitted via NOMA;
3©: Messages transmited from platoon vehicles to UAV; 4©: Messages
transmitted from UAV to platoon vehicles).

a broadcast message, we can only apply NOMA technol-
ogy on transmitting message s0k . The PMs send messages in
the same slot and the PL decodes the superimposed signal
via successive interference cancellation (SIC) and parallel
interference cancellation (PIC) receivers. The cycle delay of
‘‘NOMA/OMA’’ is (K + 2), which is less than ‘‘OMA’’ with
the condition of K > 1.
However, the above ‘‘NOMA/OMA’’ faces challenges in

utilizing NOMA, as the transmission power of PMs needs
to be carefully controlled to ensure the reliability of trans-
mission, which brings a severe system signaling overhead.
What’s more, the channel of vehicle-to-vehicle is compli-
cated due to the possible obstacles [18]. To solve this issue,
we first make the whole platoon as one group to obtain
a stable group member. Then, using an unmanned aerial
vehicle (UAV) as a relay in intra-platoon communication,
we reduce the channel dynamics [19], [20], as illustrated
in Fig. 2. Allmessages are firstly sent from platoon vehicles to
UAV (P2U), then theUAV sends back themessages to platoon
vehicles. For instance, PM vehicle k sends message s0k to the
UAVwith the messages of other vehicles via NOMA, then the
UAV decodes the superimposed signal and re-superimposes
the signals by power allocation, as shown in Fig. 2(a). At last,
the UAV sends the new superimposed signal to the platoon
vehicles (U2P), by which the PL gets the messages from vehi-
cle k , see Fig. 2(b). The UAV in our system not only can make
NOMA implementation in platoonmore practical but also can
shorten the cycle delay. As shown in Table 1, by usingNOMA
in the transmissions of P2U and U2P, the time cost is only
2 slots. Assuming the receivers in UAVs and vehicles work
in perfect SIC, the proposed UAV-NOMA technology brings
considerable benefits to vehicle platoon communication. For
the power control issues, we propose a sequence-based power
allocation (SPA) strategy, where the vehicles set the power
according to their positions in the platoon. The UAV gener-
ates a power matrix according to the different platoon sizes

FIGURE 2. The scenario of UAV-aided vehicle platoon communication.
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(the number of vehicles in a platoon) and updates the platoon
states in real-time. Therefore, given a platoon, the system has
a unique power allocation result, and the vehicle transmits
messages on the sequence-related power without an extra
handshaking process.

In this paper, we aim to design a power allocation strategy
with a low-signaling overhead. For a stable platoon whose
distance headway and the members are fixed, the vehicles
keep their power unchanged and transmit in the GF man-
ner. However, the events of vehicle joining and leaving are
inevitable in the platoon, which produces a dynamic platoon
and affects the power allocation results. Especially, the sce-
nario of vehicle joining is equivalent to the GF users admit-
ted into the channel of the GB users [2]. To provide a GF
transmission and reduce the interference, a power-reserved
mechanism is invoked, in which the joining vehicle is
pre-considered in the SPA strategy. A vehicle left the platoon
stops transmittingmessages on the current channel, which has
no negative influence on the signal-to-interference-plus-noise
ratio (SINR) of the other PMs. However, the channel status is
changing with the platoon closing the extra distance headway
caused by vehicles leaving and the vehicles need to change
their power to maintain the desired SINR [9]. To decrease
the overhead of power changing, the vehicles suffering SINR
dropping switch their power values to other levels based on
our power-moving mechanism.

The main contributions of this paper are summarized as
follows:

1) We investigate the vehicle safety message transmission
problem and then propose an SPA strategy to simplify
the procedure of power allocation with a low signaling
overhead;

2) We theoretically analyze the effect of the pla-
toon dynamics, including vehicle joining and vehi-
cle leaving, on the SINR of the vehicles, which
can be beneficial to proposing power adjustment
mechanism;

3) We employ a power-reserved mechanism for newly
joining vehicles in the platoon, by which the newly
joining vehicles can transmit messages to the UAV on
a power level that does not affect the transmission of
other vehicles;

4) We develop a power-moving mechanism to ensure the
SINR when the platoon declines the distance headway
gap caused by vehicles leaving.

The remainder of this paper is organized as follows:
Section II summarizes the existing work about the NOMA
and platooning. In Section III, we present the system model.
The proposed SPA strategy and its performance analysis
are presented in Section IV. Section V discusses the influ-
ences on SINRs from the dynamic changes of the platoon.
In Section VI, we introduce our power allocation algo-
rithm and propose two mechanisms for platoon changing.
SectionVII provides the simulation results and the conclusion
is made in Section VIII.

II. RELATED WORK
Vehicle platoon can effectively solve the safety problems,
reduce fuel emissions, and improve traffic efficiency [17].
The stability and safety of the platoon are improved signif-
icantly by sharing the basic safety messages and cooperative
awareness messages among vehicles [21]. Communications
in a platoon include: (1) downlink, the PL broadcasts periodic
information such as running speed, acceleration, position,
brake, and communication resource allocation decisions to
the PMs; and (2) uplink, PMs send beacon messages (such
as confirmation message, position, and speed) and randomly
generated requests (i.e., joining or leaving a platoon) to the
PL [12], [16]. The message transmission requires high relia-
bility and low latency to prevent vehicle collision, especially
when the inner-platoon space is small and the vehicle velocity
is high [22].

The emerging vehicle-to-infrastructure (V2I) technolo-
gies, such as vehicle-to-base station (V2B) and vehicle-
to-roadside unit (V2R), enhance inter-vehicle communication
via providing new radio access and extra communication
links [23], [24]. However, the infrastructures are not always
available because of the coverage holes [25]. Applying UAVs
in vehicular networks, researchers achieve an on-demand
communication support system, where the UAV acts as a
flying BS [19], [26]. Considering UAVs are of importance in
sensing a wide range road area, we logically bring the UAV
to our platoon communication. In a C-V2X (cellular vehicle-
to-everything) network system, the number of vehicles
communicating simultaneously can be improved signifi-
cantly via subchannel size selection and resource block pairs
allocation [24]. However, the scarcity of radio resources
is still challenging, as the platoon needs to occupy more
resource blocks for the non-congestion and high-rate com-
munication [14], [16].

Due to easy compatibility with existing networks and high
spectrum efficiency, the power-domain multiplexing NOMA
technology is studied widely in the literature [27], [28]. The
power allocation determines the QoS, especially in the uplink
scenario [4]. Thus, because no centralized control, the GF
protocols may fail in multi-user detection if the number of
active users is large [29], [30]. A concept of semi-grant-free
(SGF) transmission has been proposed, in which the GF users
share spectrum resources with GB users in an SGF NOMA
network [2], [31]. In this paper, we also aim to design a
transmission mechanism based on the SGF protocol.

However, the power allocation in uplink NOMA is still
tricky. If one user changes power, the SINR of the user and
the others would be changed. To solve the problem, adjusting
the power of every node simultaneously is a potential way.
For instance, with the constraints of power consumption and
delay, the power adjusting process is formulated into a multi-
variate nonlinear optimization problem which is solved by an
iterative particle swarm optimization algorithm [3]. Similarly,
to maximize the system throughput, a suboptimal fractional
transmission power control-based decay factor is utilized to
calculate the power of every user, where the user with a
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lower channel gain occupies more power with the decay
factor increased. To decrease the computational complexity,
the decay factor is optimized via computer simulations a pri-
ori and remains fixed during the transmission time [32]. Some
online algorithms based on monotonic optimization theory
and matching theory are efficient in finding an optimal power
allocation decision [33], [34].

Energy efficiency and outage probability are the fac-
tors that need to be explored in power allocation. Gener-
ally, the user which is first decoded needs a higher power.
In terms of the circuit energy consumption of devices,
the NOMA-based wireless-powered communication net-
work (WPCN) consumes more energy than OMA-based
WPCN [35]. By optimizing subchannel assignment and
power allocation, the energy efficiency of the downlink
NOMA network shows better improvement than orthogonal
frequency division multiple [34]. Similarly, with minimum
rate requirements, a tradeoff between spectrum efficiency and
energy efficiency is achieved by solving a multi-objective
optimization problem in a hybrid network of NOMA and
OMA [36]. What’s more, the energy efficiency is affected
directly by the total power of the system and the number
of nodes on one channel, which means the capacity should
be carefully designed [37]. The capacity also affects the
system outage probability significantly. For instance, the out-
age probability performance goes down exponentially as the
number of users increases [38]. Fortunately, by setting an
appropriate SINR and controlling the number of users, a suit-
able outage probability can be obtained. Thus, in this paper,
we focus on the SINR controlling instead of exploring the
system outage probability directly.

III. SYSTEM MODEL
In this section, we present the network model, the platoon
model, and the communication model, respectively.

A. NETWORK MODEL
We design a UAV-aided platooning communication system
under the C-V2X architecture. Vehicles in the platoon and
the UAV are equipped with a single transceiver antenna and
exchange messages with each other via the ‘‘PC5’’ inter-
face [23]. The BS assigns resource blocks to the UAV and
vehicles within the cell radio coverage, otherwise, a carrier
sensing mechanism is utilized to avoid transmission colli-
sion [39]. The Global Positioning System provides location
and time-synchronization service in our solution.

The platoon adopts a UAV to enhance the inter-platooning
communication as needed. For instance, when the BS is
overloaded by serving several platoons, or the platoon suffers
from high contention for requesting radio resources. We do
not consider the scenarios, like tunnels and streets with high
buildings, which are unsuitable for UAV flying. The head
vehicle V0 is always as the PL, and every vehicle can carry
and charge for the UAV. Considering the limited battery life
of UAV, one platoon carries several UAVs and only one of
them is active at a time. Due to space limitations, we only

apply NOMA in the phase of P2U link, while a broadcast
manner is considered in the phase of U2P link.

B. PLATOON MODEL
We consider a platoon VK

0 = {0, 1, · · · ,K }, as shown
in Fig. 2. The platoon size is

∣∣VK
0

∣∣ = K + 1. A vehicle with a
sequence number of k is denoted by Vk ∈ VK

0 , ∀ 0 ≤ k ≤ K .
A sub-platoon is defined as V j

i = {i, i+ 1, · · · j}, where
0 ≤ i, j ≤ K , i ≤ j, and V j

i ⊆ VK
0 ; V

j
i = ∅ when

i > j, which means the sub-platoon contains no vehicle. In
a two-dimensional coordinate system, we set the coordinates
of the UAV and Vk as (xu,H) and

(
xvk , 0

)
, respectively, where

H ≥ 0 indicates the UAV height (ignore the height of
the antenna and the vehicle), xu, xvk ≥ 0. The platoon has
only one distance headway d (larger than the body length
of vehicles), which means the vehicles are even distributed.
Thus, we have xvk = xv0 + k · d . The distance between UAV
and Vk is

Lk =
√
H2 + (xk)2 (1)

where xk =
∣∣xu − xvk ∣∣ indicates the horizontal distance

between the UAV and Vk . For a stable platoon, the distance
headway is fixed to d , thus a vehicle calculates its sequence
numbers by Vk =

[
xvk−x

v
0

d

]
where [·] means rounding.

Three dynamic events may occur during platoon driv-
ing: (1) vehicle joining—a vehicle joins an existing pla-
toon, (2) vehicle leaving—a vehicle drives out of a platoon,
(3) stability recovering—the platoon eliminates the extra gaps
caused by vehicles leaving via changing vehicle velocities.
Different events are mutually exclusive, which means only
one vehicle joins or leaves the platoon in one time.We assume
vehicles can only join a platoon from the end.

Four steps of vehicle joining or leaving a platoon: (1) A
vehicle sends a request to the UAV. (2) The vehicle starts
the operations of change driving angle or velocity after get-
ting the approval message. Considering the vehicle join-
ing/leaving brings a high dynamic to platoon states and only
one vehicle is allowed at the same time, the approval message
is necessary for our system. (3) Once finishing the actions
(i.e., a vehicle in or out a platoon), the vehicle informs the
UAV. (4) The UAV updates and broadcasts the platoon state
to vehicles.

C. COMMUNICATION MODEL
Assuming the platoon drives on a highway, the communica-
tions between the UAV and vehicles are dominated by line-
of-sight link. Thus, the channel gain between UAV and Vk is
given by [20], [26], [40]

gk ≈

( √
Gc

4π fLk

)2

=

(
c

4π f

)2 G

(Lk)2
=

A
H2 + (xk)2

(2)
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where A = G
(

c
4π f

)2
indicates the unit power gain at the

reference distance Lk = 1 m.G represents the antenna gain. f
and c are the carrier frequency and speed of light, respectively.
According to the above channel model and setting xu <

xv0 +
d
2 , we rank the channel gains in ascending order, i.e.,

g0 ≥ g1 ≥ · · · ≥ gK . Both the UAV and the vehicles can
obtain channel state information in our channel model.

We only consider the messages that are related to our SPA
strategy. The messages from the platoon vehicles, including:
(1)
{
xv0,R

T
0 , d

}
which is from the PL; (2)

{
xvk ,R

T
k

}
, ∀ 1 ≤ k ≤

K which is sent by the PM, where RTk is the required data rate
of Vk . The messages

{
xv0,P,

∣∣VK
0

∣∣}, from the UAV, form the
platoon state. Here P is a power matrix and represents the
power allocation decision generated by UAV. The messages
also contain the other platoon state data, such as speed, direc-
tion, acceleration and so on. The UAV gets the initial platoon
states from the PL or the BS. The entities, including the cur-
rent platoon vehicles, other platoons, non-platoon vehicles,
BSs, and other UAVs, can get the broadcast messages from
the UAV. Additionally, we assume the system operates in
TDMA (time division multiple access) protocol.

IV. SPA STRATEGY
In this section, we first give an overview of the power allo-
cation procedure. Then, we focus on the analysis of the
proposed SPA strategy, including the capacity-power (C-P)
efficiency and the rate-power (R-P) efficiency of the SPA,
as the factors of cycle delay and signaling overhead have been
preliminarily explained in Section I.

A. POWER ALLOCATION
Vehicles set the power based on their sequences in platoon.
According to SPA strategy, the UAV generates a K̂ × K̂
power matrix P =

{
Pm,n | 1 ≤ m, n ≤ K̂

}
where K̂ is the

maximum available platoon size constrained by the safety
driving and communication requirements, and Pm,n = 0
when m < n. Platoon VK

0 has a power vector P
(∣∣VK

0

∣∣ , :) ={
P∣∣VK

0

∣∣,0,P∣∣VK
0

∣∣,1, · · · ,P∣∣VK
0

∣∣,K
}
where P∣∣VK

0

∣∣,k is the power

value of Vk ∈ VK
0 and

∣∣VK
0

∣∣ ≤ K̂ .
In a stable platoon, a vehicle switches to another power

value independently when the platoon size changes. For
instance, vehicles in a platoon with nmembers set their power
based on the vector P (n, :). When the platoon size turns to
n+ 1 after a vehicle joining, the vehicles in the new platoon
change their power values based on P (n+ 1, :).

By choosing platoon VK
0 as an object of analysis, we sim-

plify P∣∣VK
0

∣∣,k as Pk , 0 ≤ k ≤
∣∣VK

0

∣∣. The transmission

power of vehicles has a minimum value Pmin and a maximum
value Pmax . As the vehicles are in the same NOMA group,
the data rate rk is equivalent to the SINR βk with rk =
B log2 (1+ βk), where B is the bandwidth. Thereby, given
rk ≥ RTk , we have βk ≥ βTk . Here, R

T
k = B log2

(
1+ βTk

)
and βTk is the required SINR of Vk .

The UAV applies the SIC decoding strategy and decodes
the signals in order from the PL to the end PM. As a result,
the signal of the leader is first to be decoded and has a lower
outage probability [38]. The SINR of Vk is

βk =
Pkgk∑

i∈VK
k+1

Pigi + σ 2
N

=
Prk
Ik

(3)

where Prk = Pkgk indicates the received power of Vk at the
UAV; σ 2

N = NB is background noise whereB is the bandwidth
andN is the power spectral density of additivewhite Gaussian
noise (AWGN). Ik =

∑
i∈VK

k+1

Pri +σ
2
N denotes the interference-

plus-noise (IpN), and specially, IK = σ 2
N .

B. C-P EFFICIENCY
The access capacity, which means the platoon size that the
system can support in this paper, depends on the SINR
requirements of the users and the power of source nodes [28].
To describe the relationship between capacity and power,
we first derive the formulas of Prk , Pk , and then achieve the
C-P efficiency function.

Assuming βk is predetermined for all the vehicles in
VK

0 and according to (3), the received power of Vk can be
expressed as

Prk = βk Ik
(a)
= βk (βk+1 + 1) Ik+1
(b)
= βk

∏
i∈VK

k+1

(βi + 1) IK

(c)
= σ 2

Nβk
∏

i∈VK
k+1

(βi + 1) (4)

where (a) is derived by

Ik =
∑

i∈VK
k+1

Pri + σ
2
N

= Prk+1 +
∑

i∈VK
k+2

Pri + σ
2
N

= Prk+1 + Ik+1
= βk+1Ik+1 + Ik+1
= (βk+1 + 1) Ik+1, (5)

(b) is achieved by iteratively utilizing (5), and (c) is derived
by IK = σ 2

N .
From (4), we know that the required received power

depends only on the preset SINR of vehicles. The vehicle that
closes to the end of the platoon needs a lower received power
and vice versa. Also, the vehicles, whose signal decoded
before Vk , need a higher received power.

In this paper, to make formulas concise, we set βk =
β0 ≥ βTk , ∀ Vk ∈ VK

0 . Thus, (4) is simplified to
Prk = σ 2

Nβ0 (β0 + 1)K−k . The corresponding transmission

VOLUME 9, 2021 139477



Y. Sun et al.: Control Efficient Power Allocation of Uplink NOMA in UAV-Aided Vehicular Platooning

power of Vk is

Pk =
σ 2
N

gk
β0 (β0 + 1)K−k

= Pk+1λk+1 (6)

where λk+1 = (β0 + 1) gk+1gk
. Next, we analyze the character-

istics of the transmission power by giving (7) and (8).
Assuming λk > 1, Vk ∈ VK

0 , we have Pk > Pk+1 and

λk+1 = (β0 + 1)
gk+1
gk

> 1

(a)
⇔ β0

(
x2k + H

2
)
> 2xkd + d2

(b)
⇔ β0

(
xk −

d
β0

)2

>
1+ β0
β0

d2 − β0H2

(c)
⇒

1+ β0
β0

d2 − β0H2 < 0

⇔ d <
β0H
√
1+ β0

(7)

where (a) is derived by (2), (b) is derived by adding d2
β0

to both

sides of the inequality, and (c) is derived by
(
xk − d

β0

)2
≥ 0.

Remark 1: (7) indicates that unlike the power allocation
result of the conventional uplink NOMA in which a node,
whose signal is decoded first, usually has a higher transmis-
sion power. The distance headway, the SINR requirement,
and the altitude of UAV jointly determine which one needs
a higher transmission power. For instance, when d < β0H√

1+β0
,

vehicles close to the head of the platoon have higher transmis-
sion power like the conventional uplink NOMA; otherwise,
the vehicle that is close to the end of platoon needs a higher
transmission power when the vehicles are sparse distribution
(d ≥ β0H√

1+β0
). In this paper, we focus on the case of d <

β0H√
1+β0

, considering the distance headway in the platoon is
far lower than the height of UAV.

The transmission power of PL P0 =
σ 2N
g0
β0 (β0 + 1)K is

the highest value. Thus, assuming PK ≥ Pmin, the system
achievable capacity is

P0 ≤ Pmax

⇒ (β0 + 1)K ≤
Pmaxg0
σ 2
Nβ0

(a)
⇒ ln (β0 + 1)K ≤ ln

Pmaxg0
σ 2
Nβ0

⇒ K ln (β0 + 1) ≤ lnPmaxg0 − ln σ 2
Nβ0

⇒ K ≤
lnPmaxg0 − ln σ 2

Nβ0

ln (β0 + 1)

(b)
⇒

∣∣∣VK
0

∣∣∣ ≤ lnPmaxg0 − ln σ 2
Nβ0

ln (β0 + 1)
+ 1 (8)

where (a) is derived by taking the logarithm on both sides of
the inequality, and (b) is derived by

∣∣VK
0

∣∣ = K + 1.
Remark 2: (8) indicates that the access capacity depends

on Pmax , β0 and the channel gain g0. A higher transmission

power of vehicle, a higher system achievable capacity is
achieved, while the SINR of vehicles and the position of UAV
are fixed. On the contrary, the increase of required SINR will
limit the capacity. Thus, assigning vehicles to several NOMA
channels is necessary when the platoon size is large. In this
paper, we consider the scenario of grouping one platoon into
a single group.

Though the access capacity of the proposed NOMA system
is growing with the increasing of the available transmission
power of PL, unlimited increase in transmission power is
unpractical. Thus, we define the C-P efficiency by

η =
K + 1
P0

=
K + 1

σ 2N
g0
β0 (β0 + 1)K

=
g0(K + 1)

σ 2
Nβ0 (β0 + 1)K

, (9)

and present how the C-P efficiency changes with the platoon
size with the following theorem:
Theorem 1: The C-P efficiency decreases with the grow-

ing of the platoon size under the case with β0 >
√
e − 1.

Proof: Extract the part related to K from (9), and define
a function

f (K ) =
K + 1

(β0 + 1)K
. (10)

The first-order derivative of (10) is given by

f ′(K) =
(

K+ 1

(β0 + 1)K

)′
=

1− (K + 1) ln (β0 + 1)

(β0 + 1)K
. (11)

Set f ′(K ) < 0, we get

K >
1

ln (β0 + 1)
− 1. (12)

A platoon has at least two vehicles, thus we have K > 1.
Thereby, following from 1

ln(β0+1)
− 1 ≤ 1, (12) is obtained,

where 1
ln(β0+1)

− 1 ≤ 1 and β0 ≥
√
e− 1 are equivalent.

Theorem 1 indicates that an optimal C-P efficiency exists
as the platoon size increase with a small required SINRwhich
satisfies β0 <

√
e−1. Otherwise, when β0 ≥

√
e−1, the C-P

efficiency keeps decreasing.

C. R-P EFFICIENCY
To achieve the expression of R-P efficiency, we firstly give
the platoon total transmission power P and the system data
rate R, respectively.
Using (6), we obtain

P =
∑
k∈VK

0

Pk
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= σ 2
Nβ0

∑
k∈VK

0

(β0 + 1)K−k

gk
. (13)

According to (2), gk is highly related to the vehicle position
and can be calculated mathematically by giving the platoon
size and the distance headway.
Remark 3: The overall power consumption increases with

the increase of platoon size, which means that the more vehi-
cles in the platoon, the more power-consuming. According
to (2) and (6), if the platoon size is fixed, a larger distance
headway d leads to a higher transmission power. To reduce
the power consumption, we need to decrease d . However,
a platoon with small d requires a high QoS, i.e., a higher
SINR is required to further decrease the outage probability to
achieve a lower latency, and a large β0 brings a high transmis-
sion power [16]. Instead of achieving a trade-off, in this paper,
we focus on designing a power allocation strategy constrained
by the preset SINR.

Following form (3), the system overall data rate can be
expressed as

R =
∑
k∈VK

0

rk

=

∑
k∈VK

0

B log2

1+
Prk∑

i∈VK
k+1

Pri + σ
2
N


(a)
= B

∑
k∈VK

0

log2
Prk + ∑

i∈VK
k+1

Pri + σ
2
N


− log2

 ∑
i∈VK

k+1

Pri + σ
2
N




= B
∑
k∈VK

0

log2
∑
i∈VK

k

Pri + σ
2
N


− log2

 ∑
i∈VK

k+1

Pri + σ
2
N




(b)
= B

log2
∑
i∈VK

0

Pri + σ
2
N

− log2 σ
2
N


(c)
= B log2

(
1+

∑
i∈VK

0
Pri

σ 2
N

)
(d)
= B log2

(
1+

∑
i∈VK

0
σ 2
Nβ0 (β0 + 1)K−i

σ 2
N

)

= B log2

1+ β0
∑
i∈VK

0

(β0 + 1)K−i

 . (14)

Here, (a) and (c) are derived using log2
x
y = log2 x

− log2 y, x, y > 0, (b) is achieved via telescoping sum,
(d) follows from the simplified form of (4) in Section IV-B.
Specially,

∑
Vk∈VK

0

Prk represents the total received power at the

UAV.
Remark 4: The system data rate is the overall vehicle data

rate in the platoon. In (14), we can observe that the data rate of
the system is relevant to the total received power at the UAV.
In other words, all vehicles act as one ‘‘node’’ which sends
signals to the UAV through multiple antennas. Theoretically,
if every vehicle sends signals with the maximum power,
the system data rate will reach the upper bound. However,
constrained by the required SINR and the SIC mechanism,
we set vehicle power mainly according to (6).

As mentioned above, the transmission power of vehicles
is the only factor affecting the total data rate of the platoon.
Thus, using (13) and (14), we define R-P efficiency as

φ =
R
P
=

B log2

1+ β0
∑
i∈VK

0

(β0 + 1)K−i


σ 2
Nβ0

∑
k∈VK

0

(β0+1)K−k

gk

. (15)

Remark 5: Recall that the power value of vehicles are
related to the platoon states. Therefore, the total transmission
power and system data rate will be fixed once the platoon size
and required SINR are determined. As observed from (15),
the R-P efficiency changes with K and β0.

V. PLATOON CHANGING
In this section, we analyze the performance of the proposed
SPA strategy in dynamic environments, including the cases
of the UAV moving, vehicle joining and leaving, and platoon
adjusting.

A. UAV MOVING
In this subsection, the expression of the platoon total trans-
mission power with respect to the UAV position is given and
the SINR variation is analyzed. ‘‘UAV moving’’ here means
the change of the relative horizontal distance between the
UAV and the platoon.

1) POWER CONSUMING
Using (1) and (6) and setting xv0 = 0, we get

Pk =
σ 2
N

gk
β0 (β0 + 1)K−k

≈
σ 2
N

A
β0 (β0 + 1)K−k

(
H2
+ (xk)2

)
=
σ 2
N

A
β0 (β0 + 1)K−k

(
H2
+
(
xu − k · d

)2)
. (16)

From (16), we know that Pk is minimized when the UAV
is directly above Vk with xu = k · d .
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The total transmission power of the platoon is expressed as
below by using (13)

P ≈
σ 2
Nβ0

A
∑
k∈VK

0

(β0 + 1)K−k
(
H2
+
(
xu − k · d

)2)
. (17)

Theorem 2: Giving β0 > 1 and fixing the UAV height H ,
to minimize the total transmission power, the abscissa value
of UAV should satisfy 0 < xu < d .

Proof: Detailed proof can be found in Appendix A.
Theorem 2 indicates that the UAV should be deployed

between the first two vehicles of a platoon to minimize the
total power, which meets the assumption of xu < xv0 +

d
2 . For

calculation convenience, we set xu = xv0 = 0 in the following
analysis.

2) SINR CHANGING
The SINR of Vk with respect to xk is

βk (xk ) =
Pkgk∑

i∈VK
k+1

Pigi + σ 2
N

=
Pk∑

i∈VK
k+1

Pi
gi
gk
+

σ 2N
gk

≈
Pk∑

i∈VK
k+1

Pi
H2+(xk )2

H2+(xi)2
+

σ 2N ·
(
H2+(xk )2

)
A

=
Pk

Γ (xk , k)
(18)

where

Γ (xk , k) =
∑

i∈VK
k+1

Piw(xk , k, i)+
σ 2
N

(
H2
+ (xk)2

)
A

, (19)

and

w(xk , k, i) =
H2
+ (xk)2

H2 + (xi)2

=
H2
+ (xk)2

H2 + (xk + (i− k)d)2
. (20)

Remark 6: We can figure out how the SINR of vehicles
varies with the movement of UAV by using (18), when all the
vehicles’ transmission power are fixed.
Lemma 1: Γ (xk , k) and w(xk , k, i) are lower convex func-

tions when xk <
√( d

2

)2
+ H2 − d

2 and are monotonically

increasing functions when xk ≥
√( d

2

)2
+ H2 − d

2 .
Proof: Detailed proof can be found in Appendix B.

From Lemma 1, we know that given xk ∈
〈
x0, x1

〉
, 0 ≤

x0 < x1, if the extreme point of Γ (xk , k) exists, then this

point xp ≤
√( d

2

)2
+ H2 − d

2 is unique and Γ (xp, k) ≤
Γ (xk , k); otherwise, Γ (xk , k) is a monotonic function. Thus
we always have Γ (xk , k) ≤ max

{
Γ (x0, k), Γ (x1, k)

}
with

xk ∈
〈
x0, x1

〉
.

Theorem 3: With xk ∈
〈
x0, x1

〉
, 0 ≤ x0 < x1, we have

βk (xk ) ≥ min
{
βk (x0), βk (x1)

}
.

Proof:AssumingΓ (x1, k) ≥ Γ (x0, k), for xk ∈
〈
x0, x1

〉
,

we have

βk (xk ) =
Pk

Γ (xk , k)
≥

Pk
max

{
Γ (x0, k), Γ (x1, k)

}
=

Pk
Γ (x1, k)

= βk (x1) = min
{
βk (x0), βk (x1)

}
.

Similarly, we can get the same results for the case with
Γ (x1, k) < Γ (x0, k).

Set βk (x1) = β0 and following from Theorem 3, we obtain
βk (xk ) ≥ β0 with βk (x1) = min

{
βk (x0), βk (x1)

}
. Thus,

when xk decreases from x1 to x0, vehicle k will have an
SINR that is always greater than or equal to β0. If βk (x0) =
min

{
βk (x0), βk (x1)

}
, we have βk (x0) < βk (x1) = β0.

Thereby, the SINR of vehicle k will be less than β0, especially
for the case with x1 ≤ xp.

B. VEHICLE JOINING AND LEAVING
In this subsection, the vehicle SINR is analyzed in following
two cases: A new vehicle joining the platoon, and one vehicle
leaving the platoon.

1) VEHICLE JOINING
As only one vehicle is allowed to join the platoon from
the end at once, we note the new vehicle as VK+1 which
joins an existing platoon VK

0 (the original platoon), thus
VK

0
⋃
VK+1 = VK+1

0 (the new platoon), K + 1 ≤ K̂ . The
SINR of Vk ∈ VK

0 changes with the new vehicle joining is

β ′k =
Pkgk∑

i∈VK+1
k+1

Pigi + σ 2
N

=
Pkgk∑

i∈VK
k+1

Pigi + σ 2
N + PK+1gK+1

=
Prk

Ik + PK+1gK+1
=

βk Ik
Ik + PK+1gK+1

=
βk

1+ PK+1gK+1
Ik

< βk . (21)

From (21), we know that the SINR of vehicles that
belong to the original platoon decreases with the new vehicle
joining.
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2) VEHICLE LEAVING
Assuming the leaving vehicle is Vk ′ = k ′, 0 ≤ k ′ ≤ K . For
Vk ∈ V k ′−1

0 , the SINR can be expressed as

β ′′k =
Pkgk∑

i∈VK
k+1

Pigi − Pk ′gk ′ + σ 2
N

=
Prk

Ik − Pk ′gk ′

=
βk

1− Pk′gk′
Ik

> βk , (22)

which means that all these vehicles get a higher SINR.
For Vk ∈ VK

k ′+1, according to (3), the SINR remains
constant with unchanged Ik and Pk .

C. PLATOON ADJUSTING
The platoon needs to eliminate the extra gap caused by vehi-
cle leaving, except the leaving vehicle is at the end of platoon.
In this subsection, we analyze the changes in SINR of two
types of vehicles which are Vk ∈ V k ′−1

0 and Vk ∈ VK
k ′+1. And

then, a transmission power changing principle is proposed via
Theorem 4 to maintain the vehicle SINR not lower than the
present value during the platoon adjusting period.

The vehicle SINR is affected by the received power Prk ,
∀ Vk ∈ VK

0 , and the IpN, according to (3). For Vk ∈ V k ′−1
0 ,

the Prk remains constant since the unchanged relative position
xk . On the contrary, for Vk ∈ VK

k ′+1, the P
r
k increases due to

the decrease of xk . However, changes in IpN are complex. For
instance, in the case of Vk ∈ V k ′−1

0 , the IpN decreases with
Vk ′ left, but increases with the increasing Prk , Vk ∈ VK

k ′+1.
Thus, for this case, a detail analyses of IpN is carried out
in Appendix C, and we get the conclusion that the SINR of
vehicles in V k ′−1

0 is increasing.
For Vk ∈ VK

k ′+1, according to Section V-A, the vehicles
after the leaving vehicle can be seen as the sub-platoon VK

k ′+1
moving to the UAV, which may result in SINR decreasing.
Thus, vehicles need to change their power according to the
below theorem.
Theorem 4: The changed power of Vk should satisfy

max
{
Pk−1
λk
,
Pk−1
λk+1

}
≤ P′k ≤ Pk−1

Proof: Detailed proof can be found in Appendix E.

VI. STRATEGY IMPLEMENTATION
Above analysis shows that the SINR of vehicles changes over
different platoon dynamic events, and the SINR will be atten-
uated in some cases. Therefore, we design two algorithms,
the power-reserved algorithm, and the power-moving algo-
rithm, to ensure the value of real-time SINR is not lower than
β0. The power-reserved algorithm is for the stable platoon
situations. ‘‘power-reserved’’ means that vehicles in a sta-
ble platoon set transmission power by assuming the platoon
already having a new PM, and the transmission power of
the vehicle that tries to join the platoon is reserved. As a
result, the SINR of vehicles in the platoon will not fall below
β0 for new vehicle joining. The power-moving algorithm

Algorithm 1 System Power Allocation
Input: H0, β0, d , V
Output: P
1: Initial: n = 0, P = 0
2: while H = H0 do
3: UAV updates P;
4: if UAV reveiced a confirmation message from a vehi-

cle Vk ′ that just left the platoon then
5: fleft = Vk ′ ;
6: V ← V/Vk ′ ;
7: else
8: fleft = −1;
9: end if

10: if UAV reveived a confirmation message for a vehicle
Vnew that completing the joining process then

11: Vnew = |V |, V ← V ∪ Vnew;
12: end if
13: UAV broadcasts V and P to vehicles;
14: if fleft == −1 and ∀Vk ∈ V , xk+1 − xk = d then
15: Vehicles and UAV update the sequence numbers;
16: To Algorithm 2;
17: else
18: To Algorithm 3;
19: end if
20: end while

is for the dynamic platoon, where ‘‘power moving’’ means
that some vehicles in the platoon change transmission power
into a higher level by supposing the platoon has reached
the stable state. In this section, we first describe the overall
system power allocation procedure and then introduce the two
algorithms.

A. SYSTEM POWER ALLOCATION
The proposed power allocation strategy (Algorithm 1) is
executed after the deployment of the UAV—the UAV reaches
the predefined height H0: H = H0. The UAV obtains the
values of H0, β0, and d from the PL. The UAV updates the
platoon states and power matrix at every beginning of
the algorithm. As shown in steps 3-12 of Algorithm 1,
the symbol fleft indicates whether a vehicle has left the pla-
toon. The UAV broadcasts the platoon state (including the xu0 )
and P to the vehicles before vehicles update their power. The
system turns to the power-moving algorithm (Algorithm 3)
when the left flag fleft is greater than −1 and/or any of the
distance headway is beyond d . Otherwise, the system goes to
the power-reserved algorithm (Algorithm 2).

B. POWER ALLOCATION OF STABLE PLATOON
In this subsection, we describe the details of our
power-reserved algorithm. Especially, ‘‘power reserved’’ is
further explained as follows: For platoon VK

0 , vehicles set
transmission power according to P(K+2, :) instead of P(K+
1, :), and PK+2,K+1 is the reserved power for the new vehicle
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Algorithm 2 Power-Reserved Algorithm
Input: V
Output: P
1: if UAV received a joining request then
2: n = |V | + 1;
3: else
4: n = |V |;
5: end if
6: UAV broadcasts n to vehicles;
7: for ∀Vk ∈ V do
8: Pk = Pn,k ;
9: end for

VK+1. The UAV sets the platoon size manually after receiving
a joining request. As shown in steps 7-9 of Algorithm 2,
the vehicles start to update their power after getting a new
platoon size n from theUAV. The time complexity of updating
power for vehicles in platoon V is O(|V |2), |V | ≤ K̂ .

However, the reserving-power mechanism causes addi-
tional power consuming as all vehicles increasing transmis-
sion power. We calculate the additional power cost P ta by
subtracting P t1 from P t0, where P

t
1 and P

t
0 are the total power

of platoon with power reserving and the total power of the
platoon without power reserving respectively.

P ta = P t1 − P
t
0

= σ 2
Nβ0

∑
k∈VK

0

(β0 + 1)K+1−k

gk

− σ 2
Nβ0

∑
k∈VK

0

(β0 + 1)K−k

gk

= (β0 + 1− 1) σ 2
Nβ0

∑
k∈VK

0

(β0 + 1)K−k

gk

= β0σ
2
Nβ0

∑
k∈VK

0

(β0 + 1)K−k

gk

= β0P t0. (23)

From (23), we know that the additional power becomes
great with the increase of SINR and platoon size. For instance,
the more vehicles joining in a platoon (according to (13))
and/or the higher system required SINR, the more additional
power cost is generated. Meanwhile, with the additional
power, the SINR of vehicles in original platoon is larger than
β0 (according to (3)). If there are no available links for the
new vehicle to send request messages, our systemwill reserve
power all the time, and the new vehicle can communicate with
the UAV on the NOMA channel.

C. DYNAMIC POWER ALLOCATION
In this subsection, the power-moving algorithm is introduced
for dynamic power allocation. In the power-moving algo-
rithm, we try to reduce the number of vehicles that need to

change the power and the signaling overhead. Thus, on the
one hand, we fix the transmission power of vehicles belong-
ing toV k ′−1

0 , according to the analysis of Section V-C. On the
other hand, Section V-A2 indicates that not all the vehicles
belonging VK

k ′+1 surfer SINR decreasing. Therefore, we find
the vehicle Vl = l whose SINR is decreasing and has the
largest sequence number in VK

k ′+1 using (18), considering all
the other vehicles Vk ∈ VK

k ′+1, l < k < k ′ will change power
likeVl . As a result, the number of vehicles that need to change
power is

(
k ′ − l

)
. We call Vl the first vehicle which needs to

change transmission power.
To reduce the calculation complexity, we simplify above

power change condition (having decreasing SINR) by using
below function:

1k,i
w = w(xk − d, k, i)− w(xk , k, i)

=
H2
+ (xk − d)2

H2 + (xk − d + (i− k) · d)2

−
H2
+ (xk)2

H2 + (xk + (i− k) · d)2
(24)

where i > k and 1k,i
w means the variation of weight of Pi

in (18). ∃i, 1k,i
w > 0 means the corresponding item in (19)

is increasing with the platoon adjusting, and we think the
vehicle needs to change its power.

Another way to reduce the signaling overhead is that the
vehicles in V l

k ′+1 only change their power once during the
platoon adjusting. Based on Theorem 4, the vehicles in V l

k ′+1
reset their power to the power of their adjacent front vehi-
cles respectively via ‘‘power moving’’. Fig. 3 illustrates the
power-moving details: V is a stable platoon with 10 vehicles,
and V/V4 is a platoon that without the left vehicle V4; Vl =
V8. Thus, P4 ∼ P7 (the power values of V4 ∼ V7) in V
‘‘move’’ one step back to be the power values of V5 ∼ V8 in
V/V4. Algorithm 3 shows the power-moving process, where
line 7 to 11 execute the power- moving.

FIGURE 3. Power moving.

Next, we prove that the vehicle SINR are guaranteed under
the proposed power-moving algorithm, which is started by
giving a lemma as below:
Lemma 2: The total received power at UAV of sub-platoon

VK
k ′+1 satisfies∑

j∈VK
k′+1

P′jg
′
j <

∑
j∈VK

k′
Pjgj.

Here, P′j = Pj−1 and g′j is the channel gain of Vj ∈ VK
k ′+1

during platoon adjusting period.
Proof: Detailed proof can be found in Appendix D.

139482 VOLUME 9, 2021



Y. Sun et al.: Control Efficient Power Allocation of Uplink NOMA in UAV-Aided Vehicular Platooning

Algorithm 3 Power-Moving Algorithm
Input: V , Vk ′ , fleft
Output: P
1: n = |V |;
2: if fleft 6= −1 then
3: for V (Vk > Vk ′) do
4: Use (24) to find the vehicle Vl that first changing its

power;
5: end for
6: UAV broadcasts ‘‘l’’;
7: if Vk ′ < k ≤ Vl then
8: Pk = Pn,k−1;
9: else

10: Pk = Pn,k ;
11: end if
12: end if

Based on Lemma 2, for Vj ∈ V k ′−1
0 , the vehicle SINR with

power-moving algorithm is expressed as

β ′j =
Prj∑

i∈V k′−1
j+1

Pigi +
∑

i∈VK
k′+1

P′ig
′
i + σ

2
N

>
Prj∑

i∈V k′−1
j+1

Pigi +
∑

i∈VK
k′
Pigi + σ 2

N

=
Prj∑

i∈VK
j+1
Pigi + σ 2

N

=
Prj
Ij
= βj. (25)

(25) indicates that the SINR of vehicles belong to sub-platoon
V k ′−1

0 is greater than its initial value. Consider βj =
β0,∀ Vj ∈ V k

0, we have β
′
j > β0, Vj ∈ V k ′−1

0 . For Vj ∈ VK
k ′+1,

we can prove that β ′j ≥ β0. The detailed proof can be found
in Appendix E.
Remark 7: Though designed for vehicles joining a platoon

from the end, the above algorithms can also handle vehicles
joining a platoon from the middle. If the sequence num-
bers and power values of all the vehicles remain unchanged
after a vehicle leaving the platoon, a new vehicle can join
the platoon by directly replacing the leaving vehicle. Other-
wise, the platoon needs to generate a position and reserve
the power resource for the new vehicle via moving a sub-
platoon. Here, the sub-platoon moving is the inverse pro-
cess of the platoon adjusting: (1) Vehicles in the original
platoon change their power according to the power-reserved
algorithm, (2) and then the sub-platoon increases the dis-
tance to the adjacent front vehicle via velocity changing.
(3) Vehicles in the sub-platoon decrease their transmission
power in an inverse power-moving manner after the pla-
toon obtains the required ‘‘gap’’. As a result, the platoon
is in the state that assuming a new vehicle has joined the
platoon.

TABLE 2. Parameters configuration.

VII. SIMULATION RESULTS
In this section, the performance of the proposed SPA strategy
is evaluated using extensive simulations. Subsection VII-A
provides the simulation setup. In subsection VII-B, the per-
formance is evaluated in terms of access capacity, C-P effi-
ciency, and R-P efficiency. We evaluate the performance of
our proposed dynamic power allocation in guaranteeing the
required SINR in subsection VII-C.

A. SIMULATION SETUP
We consider a platoon with 12 vehicles, the distance headway
is set to 10 meters, and the maximum transmission power
is selected in the range of 1 ∼ 20 W [12], [40]. We set
the carrier frequency and bandwidth as 6 GHz and 1 MHz,
respectively [23]. The velocity set of vehicles is omitted,
consider our SPA strategy is related to the relative position of
vehicles. Meanwhile, given a distance headway, the platoon
usually have a certain speed [17]. Also, we set the abscissa of
UAV and PL to 0. Important parameters are listed in Table 2.

B. EVALUATION OF SPA STRATEGY
Figure 4 shows the access capacity of SPA in terms of dif-
ferent maximum vehicle transmission power. It is obvious

FIGURE 4. The access capacity performance of SPA in terms of different
maximum vehicle transmission power.
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FIGURE 5. C-P efficiency varying with the platoon size under different
SINR values.

that a larger P0 supports more vehicles to share one channel.
However, with the P0 increasing tenfold, such as from 1 W
to 10 W, the increment of system capacity is less than 17%.
What’s more, the increment of system capacity decreases
with P0 increase. Fig. 4 also indicates that the capacity drops
with the SINR increasing for a fixed transmission power.

In Figs. 5 and 6, we evaluate the impact of SINR and
platoon size on the C-P efficiency and the R-P efficiency
respectively. Fig. 5 shows that we can get an optimized
C-P efficiency by growing platoon size with a small β0,
for instance, when the platoon size equals 5 and β0 =
0.2, the C-P efficiency is maximized. However, we can
not achieve a platoon size maximizing the C-P efficiency
with the event β0 ≤

√
e − 1, which is consistent with

FIGURE 6. R-P Efficiency varying with the platoon size under different
SINR values.

Theorem 1. As shown in the internal subfigure of Fig. 5,
the C-P efficiency decreases with the increase of platoon size
when β0 ≤ 0.6. To facility the transmission reliability, we set
β0 > 1 in this paper. Similarly, in Fig. 6, the R-P efficiency
falls sharply with platoon size increasing, and a higher value
of SINR brings a lower R-P efficiency.

C. SINR PERFORMANCE OF DYNAMIC POWER
ALLOCATION
In Fig. 7 and Fig. 8, we evaluate the performance of our
dynamic power allocation during platoon adjusting. Accord-
ing to the results in Fig. 4, we know that increasing transmis-
sion power does not expand the access capacity obviously,
thus, we set the vehicle transmission power to 5 W. By setting
SINR equals 3, we get the corresponding platoon size 11.
‘‘FP’’ denotes fixed power, which means vehicles do not

FIGURE 7. The performance of vehicle SINR under different power
changing strategies (V1-V4).

FIGURE 8. The performance of vehicle SINR under different power
changing strategies (V6-V11).
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change their power when there is a leaving vehicle; ‘‘MP’’
denotes moving power, which means vehicles change their
power according to the proposed moving-power algorithm.

Figure 7 shows that the SINR of the vehicles ahead of
the leaving vehicle are always larger than 3, even though
the SINR performance of MP is lower than that of FP. On
the contrary, Fig. 8 shows that the SINR of vehicles behind
the leaving vehicle gets larger with the moving-power algo-
rithm. Especially, V11, the end vehicle of the platoon, has a
growing SINR when moving to the UAV, because of no addi-
tional interference from the other vehicles and the unchanged
power. V10 has the largest MP SINR, as to be the ‘‘first’’
vehicle that changes power. Fig. 8 also shows that the ‘‘first’’
vehicle should be V8, as the FP SINR of V9 and V10 increases
with decreasing xk , which is the error from our simplified
condition.

VIII. CONCLUSION
In this paper, we have investigated the power allocation
problem in a UAV-aided platoon communication system.
To achieve an efficient power control scheme, we propose
an SPA strategy, including a power-reserved algorithm and a
power-moving algorithm. The proposed SPA strategy reduces
the signaling overhead on power controls, where the sys-
tem only needs to maintain the updating of platoon status
to control vehicle transmission power. The upper bound of
vehicle transmission power and the SINR requirement limit
the number of vehicles grouped into one channel. Therefore,
we need tomake several groups for a platoon and usemultiple
channels, by carefully designing the number of vehicles in
every NOMA channel.Wewill research the grouping strategy
in our future work.

APPENDIX A
Proof of Theorem 2. Firstly, we transform (17) into a function
of xu, i.e.,

P
(
xu
)
=

∑
k∈VK

0

(β0 + 1)K−k
(
H2
+
(
xu − k · d

)2)
. (26)

Then, to find the extreme value, the first-order derivative
of (26) is given by

P ′
(
xu
)
=

∑
k∈VK

0

(β0 + 1)K−k
(
H2
+
(
xu − k · d

)2)
′

=

∑
k∈VK

0

(β0 + 1)K−k 2
(
xu − k · d

)

= 2 (β0 + 1)K

∑
k∈VK

0

(β0 + 1)−k
(
xu − k · d

)
= 2a−K

∑
k∈VK

0

akxu − d
∑
k∈VK

0

akk

 , (27)

where α = 1
β0+1

.
Set P ′ = 0 and using (29), we get

xu = d

∑
k∈VK

0

αkk∑
k∈VK

0

αk

= d
α − αK+1 − KaK+1(1− α)(

1− αK+1
)
(1− α)

(a)
< d . (28)

Here, (a) follows from the following derivation

α − αK+1 − KaK+1(1− α)(
1− αK+1

)
(1− α)

=
α − αK+1 − KαK+1 + KαK+2

1− α − αK+1 + αK+2

<
1− α − αK+1 − KαK+1 + KαK+2

1− α − αK+1 + αK+2

=
1− α − αK+1 + αK+2K

(
1− α−1

)
1− α − αK+1 + αK+2

(b)
< 1. (29)

Here, (b) is satisfied by conditions ofK > 1 and 1−α−1 =
1− (β0 + 1) < 0.

APPENDIX B
Proof of Lemma 1. Firstly, give a function of x

w(x, k, j) =
H2
+ (x)2

H2 + (x + jd)2
, (30)

where x represents xk , j = i−k . Thus, (19) can be turned into

Γ (x, k) =
K−k∑
j=1

Pj+kw(x, k, j)+
σ 2
N ·
(
H2
+ x2

)
A

. (31)

Then, the first-order derivative and the second-order
derivative of (30) achieved as

w′(x, k, j) =
2jd(x2 + xjd − H2)
(H2 + (x + jd)2)2

, (32)

and

w′′(x, k, j) = 2jd
Ψ (x)−Φ(x)

(H2 + (x + jd)2)3
, (33)

respectively. Here, j = 1 · · ·K − k , Φ(x) = 2x3+ 3jdx2, and
Ψ (x) = 6H2x + 5jdH2

+ (jd)3. Therefore, the first-order
derivative and the second-order derivative of (31) can be
expressed as

Γ ′(x, k) =
K−k∑
j=1

Pj+kw′(x, k, j)+
2σ 2

N x

A
. (34)

and

Γ ′′(x, k) =
K−k∑
j=1

Pi+kw′′(x, k, j)+
2σ 2

N

A
(35)
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respectively. At last, we analyze the function of (32), (33),

(34), (35). Obviously, for x ≥
√( d

2

)2
+ H2 − d

2 , we have
w′(x, k, j) ≥ 0, 0 ≤ k ≤ K . Based on (34), we further get
Γ ′(x, k) > 0. So, w(x, k, j) and Γ (x, k) are monotonically

increasing function with x ≥
√( d

2

)2
+ H2 − d

2 . For the case

of x <

√( d
2

)2
+ H2 − d

2 , we firstly get w′′(x, k, j) > 0,
0 ≤ k ≤ K . Based on (35), we have Γ ′′(x, k) > 0. Thus,
w(x, k, j) and Γ (x, k) are lower concave function with x <√( d

2

)2
+ H2 − d

2 . Lemma 1 is proved.

APPENDIX C
We just need to prove that the IpN of all the vehicles in V k ′−1

0
is not increase during the platoon adjusting, as the unchanged
transmission power. Firstly, note the horizontal distance and
the channel gain between the UAV and Vk as x ′k = γ · xk and
g′k respectively for the period of platoon adjusting. Following
from xk − x ′k ≤ d (because only one vehicle leaving for one
time), we get the range of γ

1 > γ > 1−
d
xk
. (36)

Then, we calculate the IpN at different moments. The IpN
at the beginning of platoon adjusting (x ′k = xk ) is

I ′k =
∑

i∈V k′−1
k+1

Pigi +
∑

i∈VK
k′+1

Pigi + σ 2
N

= Ik − Pk ′gk ′ , (37)

and the IpN during the platoon adjusting is

I ′′k =
∑

i∈V k′−1
k+1

Pigi +
∑

i∈VK
k′+1

Pig′i + σ
2
N (38)

where g′i =
A

H2+(x ′i)
2 .

Thus, the variation of Ik is expressed as

1I = Ik − I ′′k
=

∑
i∈VK

k′+1

Pigi + Pkgk −
∑

i∈VK
k′+1

Pig′i

=

∑
i∈VK

k′+1

Pigi + βk

 ∑
i∈VK

k′+1

Pigi + σ 2
N


−

∑
i∈VK

k′+1

Pig′i

>
∑

i∈VK
k′+1

Pi
[
(1+ βk) gi − g′i

]

≈ A
∑

i∈VK
k′+1

Pi

[
(1+ βk)

1

H2 + (xi)2
−

1

H2 +
(
x ′i
)2
]
.

(39)

Suppose
[
(1+ βk) 1

H2+(xi)2
−

1
H2+(x ′i)

2

]
< 0, and set

βk ≥ 1, we get:

(1+ βk)
1

H2 + (xi)2
−

1

H2 +
(
x ′i
)2 < 0

⇒ (1+ βk)
1

H2 + (xi)2
<

1

H2 +
(
x ′i
)2

⇒ (1+ βk)H2
+ (1+ βk)

(
x ′i
)2
< H2

+ (xi)2

⇒ βkH2 < (xi)2
[
1− (1+ βk) γ 2

]
⇒ 1− (1+ βk) γ 2 >

βkH2

(xi)2

⇒ γ 2 <
1

1+ βk

(
1−

βkH2

(xi)2

)
. (40)

From H > d , above result goes to

γ 2 <
1

1+ βk

(
1−

βkH2

(xi)2

)
<

1
1+ βk

(
1−

d2

(xi)2

)
<

(
1−

d
xk

)2

. (41)

(41) is contradictory to (36), thus we get[
(1+ βk)

1

H2 + (xi)2
−

1

H2 +
(
x ′i
)2
]
≥ 0. (42)

Easy to get1I = Ik−I ′′k ≥ 0, and Ik ≥ I ′′k . Thus, the SINR
of Vk after platoon adjusting is

β ′′k =
Prk
I ′′k
≥
Prk
Ik
= βk . (43)

APPENDIX D
Proof of Lemma 2. According toAlgorithm 3, forVj ∈ V

Vl
k ′+1,

the transmission power:

P′j = Pj−1. (44)

Following from (44), the received power at UAV is
expressed as

P′jg
′
j = Pj−1g′j
(a)
≤ Pj−1gj−1
= Pj−1gj−1. (45)

where (a) is satisfied by that fact that the channel gain of
vehicles decreases from PL to the last PM.
The sum received power at UAV for vehicles behind the

leaving vehicle:∑
j∈VK

k′+1

P′jg
′
j =

∑
j∈VK−1

k′+1

P′jg
′
j + PKg

′
K

<
∑

j∈VK−1
k′+1

Pj−1gj−1 + PKgK
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=

∑
j∈VK−2

k′

Pjgj + PKgK

<
∑
j∈VK

k′

Pjgj. (46)

APPENDIX E
During the platoon changing period, the channel states
between the UAV and platoon vehicles are time-varying.
From Section V-A and Section V-C, we know that the power
needs to change with the channel states, or the SINR of vehi-
cles will drop below the preset value. However, adjusting the
power in real-time brings a high control cost for the system.
In this paper, we consider that every vehicle changes power
nomore than one time for the platoon adjusting.What’s more,
the adjusting should be executed at the beginning of platoon
changing, according to Section V-A.

From Section V-B2, the vehicles that belong to VK
k ′+1

(whose SINR equal to β0 at the beginning) should not
decrease their power to avoid the SINRs below β0. Mean-
while, the best choice for vehicles with undiminished SINR
is fixing their power, otherwise, the vehicles have to increase
the power to ensure their SINR is not lower than β0. Thus,
we always have P′k ≥ Pk and β ′k ≥ β0, where P′k and β ′k
are the transmission power and SINR of vehicle k during the
platoon changing.

We get β ′k ≥ min {βk (xb), βk (xe)} ≥ β0 with βk (xb) ≥
β0 and βk (xe) ≥ β0, according to Theorem 3. Here, xb =
kd , xe = (k − 1)d , 1 ≤ k ≤ K . Therefore, to minimize
the transmission power, we suppose βk (xb) = βk (xe) = β0.
The corresponding transmission power Pk (xb) and Pk (xe) are
expressed as below:

Pk (xb) = (β0 + 1)
gk+1
gk

P′k+1

= λk+1P′k+1 ≥ Pk =
Pk−1
λk

, (47)

Pk (xe) = (β0 + 1)
gk
gk−1

P′k+1 = λkP
′

k+1

=
Pk−1
Pk

P′k+1 ≥
Pk−1
λk+1

. (48)

Thus, P′k ≥ max
{
Pk−1
λk
,
Pk−1
λk+1

}
. To guarantee the SINR

of vehicles in V k ′−1
0 , we have P′k ≤ Pk−1. In summary,

max
{
Pk−1
λk
,
Pk−1
λk+1

}
< P′k ≤ Pk−1.
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