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Abstract—Unmanned aerial vehicles (UAVs) are expected to
be an important new class of users in the fifth generation
(5G) and beyond 5G cellular networks. In particular, there are
emerging UAV applications such as aerial photograph and data
relaying that require high-speed communications between the
UAVs and the ground base stations (GBSs). Due to the high UAV
altitude, the strong line-of-sight (LoS) links generally dominate
the channels between the UAVs and GBSs, which brings both
opportunities and challenges in the design of future wireless
networks supporting both terrestrial and aerial users. Although
each UAV can associate with more GBSs for communication as
compared to terrestrial users thanks to the LoS-dominant chan-
nels, it also causes/suffers more severe interference to/from the
terrestrial communications in the uplink/downlink. This paper
studies the uplink communication from a multi-antenna UAV to a
set of GBSs within its signal coverage by considering a practical
yet challenging scenario when the number of antennas at the
UAV is smaller than that of co-channel GBSs. To achieve high-
rate transmission yet avoid interfering with any of the existing
terrestrial communications at the co-channel GBSs, we propose
a novel multi-beam transmission strategy by exploiting the non-
orthogonal multiple access (NOMA) technique. Specifically, the
UAV sends each data stream to a selected subset of the GBSs,
which can decode the UAV’s signals and then cancel them before
decoding the messages of their served terrestrial users, and
in the meanwhile nulls its interference at the other GBSs via
zero-forcing (ZF) beamforming. To draw essential insight, we
first characterize in closed-form the degrees-of-freedom (DoF)
achievable for the UAV’s sum-rate maximization under the pro-
posed strategy. Then, we propose an efficient algorithm to jointly
optimize the number of UAV data streams, the data stream-
GBS association, and the transmit beamforming to maximize the
UAV’s transmit rate subject to the interference avoidance con-
straints for protecting the terrestrial users. Numerical examples
are provided to verify the effectiveness of the proposed NOMA-
based multi-beam transmission strategy.

I. INTRODUCTION

Driven by the increasingly prosperous market of unmanned

aerial vehicles (UAVs) for assorted applications such as traffic

control, cargo delivery, surveillance, aerial inspection, etc.,

cellular-enabled UAV communication has drawn significant

interests recently for realizing high-performance and beyond

visual line-of-sight (BVLoS) UAV-ground communications

[1]–[3]. As compared to conventional terrestrial communica-

tions, one distinct feature of UAV-ground communications is

the dominant line-of-sight (LoS) component in the channels

between the UAV and the ground base stations (GBSs) due to

the high altitude of UAVs [4], which brings both opportunities

and challenges in the design of cellular networks. On one

hand, the enhanced macro-diversity in association with a

large number of GBSs with strong LoS channels with the

UAV can be exploited to improve the UAV communication

performance [1], especially when the UAV is equipped with

multiple antennas. However, on the other hand, severe co-

channel interference also occurs between the UAV and the

GBSs that are serving the terrestrial users over the same

frequency band, which may drastically degrade the commu-

nication performances of the terrestrial users in the uplink

and the UAVs in the downlink [5], [6], thus calling for more

effective air-ground interference mitigation techniques [7], [8].

To exploit the macro-diversity gain, this paper consid-

ers the scenario where a multi-antenna UAV sends multiple

data streams to multiple single-antenna (or fixed-beam multi-

antenna) GBSs over a given time-frequency resource block

(RB) assigned, termed as multi-beam uplink transmission. In

practice, there are a large number of GBSs in the UAV’s

signal coverage region due to the dominant LoS channels,

which can be divided into two groups [7]: occupied GBSs each

receiving the signal from an associated terrestrial user in the

same RB as the UAV, and available GBSs which do not serve

any terrestrial users in the uplink over this RB. In order to

protect the existing terrestrial communications from the UAV’s

strong interference, we consider a stringent requirement on the

UAV’s multi-beam uplink transmission such that its uplink

interference to all the occupied GBSs needs to be completely

avoided. The conventional way to achieve this goal is to send

the UAV data streams to the available GBSs only, and at the

same time null the interference to all the occupied GBSs via

zero-forcing (ZF) beamforming. However, since the number of

occupied GBSs may be practically larger than the number of

antennas at the UAV due to its space and hardware limitations,

the ZF beamforming design can be infeasible.

Motivated by the rapid advance of non-orthogonal multi-

ple access (NOMA) technologies (see e.g., [9]–[11] and the

references therein), in this paper we aim to tackle the above

challenge by optimizing the multi-beam transmission of the

UAV such that a properly selected subset of the occupied GBSs

can first decode the signals from the UAV and then cancel

them for decoding the messages from their respectively served

terrestrial users. Since the ZF beamforming vector for sending

each data stream merely needs to be in the null space of the

channels of the occupied GBSs that cannot decode this data

stream, the ZF beamforming solution becomes more feasible

as compared to the conventional ZF approach without applying

NOMA or interference cancellation at the GBSs.

It is interesting to note that under our proposed scheme,

available GBSs cannot be utilized for improving the transmit
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rate of the UAV when the number of occupied GBSs is larger

than that of the antennas at the UAV (e.g., in a high terrestrial

traffic load scenario). This is because each data stream has to

be sent to some occupied GBSs for interference cancellation,

thus it is not beneficial to send these data streams to any

available GBSs for decoding. To address this challenging

case, in this paper we focus on the system setting with

occupied GBSs only. First, we characterize in closed-form the

maximum degrees-of-freedom (DoF) of the UAV’s achievable

rate under the proposed multi-beam transmission scheme with

NOMA. The obtained result reveals the maximum number of

data streams that can be transmitted without degrading the

performance of terrestrial communications after interference

cancellation at infinite signal-to-noise ratio (SNR). Next, based

on the DoF result, we devise an efficient algorithm in the

finite SNR regime to jointly optimize the data stream-GBS

associations as well as the transmit beamforming vectors and

the rates of different data streams to maximize the achievable

sum-rate of the UAV subject to the stringent interference

avoidance constraints for protecting the terrestrial users.

It is worth pointing out that multi-beam UAV uplink trans-

mission has been studied in our prior work [7], where a differ-

ent interference cancellation approach from NOMA, called co-

operative interference cancellation, was proposed. Specifically,

we assume in [7] that backhaul links between available GBSs

and occupied GBSs exist such that the available GBSs can

send their decoded messages from the UAV to the occupied

GBSs via the backhaul links for interference cancellation.

Theoretically, the cooperative interference cancellation strat-

egy outperforms the NOMA-based strategy proposed in this

paper with local interference cancellation at occupied GBSs

only. However, this scheme critically relies on the message

forwarding via backhaul links between GBSs, which may not

be implementable in existing systems due to the overhead and

decoding delay considerations. Therefore, we are motivated to

consider NOMA requiring local interference cancellation only

in this paper for ease of practical implementation.

The rest of this paper is organized as follows. Section II

describes the system model for our considered multi-beam

UAV communication in cellular uplink. Section III introduces

the proposed NOMA-based interference avoidance strategy to

protect the occupied GBSs. Section IV formulates the sum-

rate maximization problem under the interference avoidance

constraints. Section V characterizes the maximum DoF of

the considered system by solving the formulated problem in

the infinite SNR regime. Section VI proposes an efficient

algorithm to solve the formulated problem in the finite SNR

regime. Section VII provides the numerical simulation results

to evaluate the performance of the proposed strategy. Finally,

Section VIII concludes the paper.

II. SYSTEM MODEL

As shown in Fig. 1, we consider the uplink communication

in a cellular network by a UAV equipped with M > 1
antennas, while there are N GBSs in the UAV’s signal

coverage region denoted by the set N = {1, · · · , N}. It is

Fig. 1. Illustration of multi-beam UAV communication in the cellular uplink.

assumed that each GBS n ∈ N already serves one terrestrial

user in the same RB as that assigned to the UAV. In this

paper, we focus on the challenging case when the number of

(occupied) GBSs is larger than the number of antennas at the

UAV, i.e., N > M . This is usually the case in practice due

to the macro-diversity and the high frequency reuse factor in

today’s cellular networks as well as the space and hardware

limitations to install multiple antennas at the UAV.

We assume that each GBS has a fixed beam pattern for the

aerial user, thus can be equivalently viewed as being equipped

with one single antenna for the purpose of exposition. The

effective channel from the UAV to GBS n is thus an M by 1
vector denoted by hn ∈ CM×1. In this paper, we consider that

the UAV is at a given location in the air, where dn in meters

(m) denotes the distance from the UAV to GBS n. Moreover,

we consider the practical Rician fading channel model, and

the channel from the UAV to GBS n is given by

hn =

√

τ0
d2n

(

√

λ

λ+ 1
ĥn +

√

1

λ+ 1
h̃n

)

, ∀n, (1)

where τ0 denotes the channel power gain at the reference

distance d0 = 1 m; ĥn ∈ CM×1 denotes the LoS channel

component; h̃n ∈ CM×1 with h̃n ∼ CN (0, I) denotes

the Rayleigh fading channel component; and λ ≥ 0 is the

Rician factor specifying the power ratio between the LoS and

Rayleigh fading components in hn. Note that under the above

Rician fading channel model, the channel vectors between the

multi-antenna UAV and any N ′, N ′ ≤ min(M,N) = M ,

GBSs are linearly independent with probability one. We fur-

ther assume that all hn’s are known at the UAV.1

The UAV aims to transmit its messages to the GBSs via

spatial multiplexing with transmit beamforming. Specifically,

its transmit signal is expressed as

x =
J
∑

j=1

wjsj , (2)

1In practice, the UAV may send M orthogonal pilots for channel training,
and the GBSs then feed back their estimated channels to the UAV.



where J ≤ min(M,N) = M denotes the number of data

streams sent by the UAV, sj ∼ CN (0, 1) denotes the message

of the jth data stream, and wj ∈ CM×1 denotes the corre-

sponding beamforming vector. The received signal at the nth

GBS is given by

yn = h
H
n x+ Sn + zn

= h
H
n

J
∑

j=1

wjsj + Sn + zn, ∀n, (3)

where we assume Sn ∼ CN (0, Qn) denotes the received

signal from the terrestrial user served by the nth GBS, and

zn ∼ CN (0, σ2
n) denotes the superposition of the additive

white Gaussian noise (AWGN) at the nth GBS and the

interference from the terrestrial users in the other cells. Note

that each single-antenna GBS n can decode at most one data

stream sent by the UAV.

III. MULTI-BEAM TRANSMISSION WITH NOMA

There are two main goals in designing the UAV multi-beam

transmission: first, each UAV data stream should be decoded

by at least one GBS; and second, the rates of the terrestrial

users cannot be degraded by the UAV uplink communications,

i.e., the interference generated from the UAV to each GBS n
for decoding its served terrestrial user’s message in Sn needs

to be nulled.

To fulfill the first goal, we define Λj ⊆ N as the set of

GBSs that decode the jth data stream sent by the UAV, i.e.,

sj , j ∈ {1, · · · , J}. Since each data stream has to be decoded

by at least one GBS, and each GBS can decode at most one

data stream, it follows that

Λj 6= ∅, ∀j, (4)

Λj

⋂

Λi = ∅, ∀j, i 6= j. (5)

According to (3), if the jth data stream is decoded by the

nth GBS, i.e., n ∈ Λj , its decoding signal-to-interference-

plus-noise ratio (SINR) is

γj,n =
|hH

n wj |2
∑

i6=j

|hH
n wi|2 +Qn + σ2

n

, ∀n ∈ Λj . (6)

Then, the following inequality needs to hold:

log2 (1 + γj,n) ≥ Rj , ∀j, n ∈ Λj , (7)

where Rj in bits/second/Hz is the transmit rate of data stream

j.

Next, consider the second goal of interference avoidance to

the terrestrial communications. According to (3), the power of

the received interference at GBS n from the UAV is

In =

J
∑

j=1

|hH
n wj |

2, ∀n. (8)

Thus, the interference avoidance constraints are expressed as

J
∑

j=1

|hH
n wj |

2 = 0, ∀n. (9)

However, if any GBS, say GBS n, decodes sj , i.e., n ∈ Λj , it

must follow that |hH
n wj |

2 > 0 to achieve a positive transmit

rate as given in (7), which already violates constraint (9). As a

result, by simply treating UAV interference as noise, the UAV

cannot transmit any data stream without degrading the rates

of the terrestrial users.

This motivates us to apply NOMA jointly with ZF beam-

forming to guarantee a positive transmit rate of UAV while at

the same time satisfying the interference avoidance constraints

for the terrestrial communications. Specifically each GBS that

needs to decode one data stream from the UAV first decodes

the UAV message, then subtracts it from its received signal,

and at last decodes the message of its associated terrestrial

user. The details of the proposed strategy are given as follows.

For convenience, define Φn = {j : n ∈ Λj} as the set of

data streams that are decoded by GBS n. Since each GBS can

decode at most one data stream, we have |Φn| ≤ 1, ∀n. If GBS

n does not decode any message from the UAV, i.e., Φn = ∅,

then according to (3), the power of the interference from the

UAV to GBS n is the same as that given in (9). However,

if GBS n decodes sj , i.e., Φn = {j}, then it can cancel

the interference caused by sj before decoding the message

of its served terrestrial user. Specifically, after interference

cancellation, the received signal given in (3) reduces to

yn = Sn + h
H
n

∑

i6=j

wisi + zn, if Φn = {j}. (10)

As a result, the power of the (residue) interference from the

UAV to GBS n becomes

In =
∑

i6=j

|hH
n wi|

2, if Φn = {j}. (11)

To summarize, under the proposed NOMA-based strategy,

the new ZF constraint for interference mitigation is expressed

as
∑

j /∈Φn

|hH
n wj |

2 = 0, ∀n. (12)

In the following, we provide a simple example to shed

some light on the effectiveness of the proposed NOMA-based

strategy in our considered system.

Example 1: Consider the case when the UAV has M = 3
antennas, and there are N = 4 GBSs. Notice that with

traditional ZF beamforming only, no data stream can be

transmitted without generating any interference to the GBSs.

In contrast, under our proposed NOMA-based strategy, the

UAV can send J = 2 data streams to the GBSs as follows: data

stream 1 is sent to GBSs 1 and 2, while data stream 2 is sent to

GBSs 3 and 4, i.e., Λ1 = {1, 2} and Λ2 = {3, 4}. In this case,

since the UAV has 3 antennas, it is feasible to align w1 to the

null space of h3 and h4, i.e., hH
3 w1 = h

H
4 w1 = 0, and align

w2 to the null space of h1 and h2, i.e., hH
1 w2 = h

H
2 w2 = 0,

such that data streams 1 and 2 do not generate interference

at GBSs 3, 4 and GBSs 1, 2, respectively. Moreover, with

NOMA, the interference from data streams 1 and 2 is cancelled

at GBSs 1, 2 and GBSs 3, 4, respectively. As a result, the



interference from the UAV to the terrestrial communications

is effectively zero at all the 4 GBSs.

IV. PROBLEM FORMULATION

Under the NOMA-based strategy proposed in Section III,

we aim to maximize the transmit rate of the UAV to the GBSs

subject to the interference constraints (12). To this end, we

jointly optimize the number of data streams sent by the UAV,

i.e., J , the data stream association, i.e., Λj’s, the transmit

beamforming vectors, i.e., wj’s, and the transmit rates of

various data streams, i.e., Rj’s. Specifically, our problem of

interest is formulated as

max
J,{Λj ,wj ,Rj}

J
∑

j=1

Rj (13a)

s.t. (4), (5), (7), (12), (13b)

J
∑

j=1

‖wj‖
2 ≤ P, (13c)

where P is the maximum transmit power of the UAV.

Without the zero-interference constraints (12) for the ter-

restrial users, the optimal data stream association to the above

problem must satisfy |Λj | = 1, ∀j, since sending one data

stream to more than one GBSs may degrade its rate. However,

with the zero-interference constraints (12) in problem (13), in

general we need to send one data stream to multiple GBSs,

i.e., |Λj| > 1 for some j’s, with certain rate compromise, such

that more GBSs can cancel the interference caused by this

data stream before decoding the messages from their served

terrestrial users. The key challenge for solving problem (13)

thus lies in how to determine the data stream association

jointly with transmit beamforming: for each data stream,

should we align its beamforming vector in the null space

of the channel of a GBS for interference nulling, or in the

same direction of its channel for interference cancellation? To

tackle the above challenge and gain essential insight, we first

characterize the DoF achievable for sum-rate maximization by

solving problem (13) at the infinite SNR regime, i.e, P → ∞,

in Section V, and then propose an efficient algorithm to solve

problem (13) at finite SNR regime in Section VI.

V. DOF ANALYSIS

Note that in the high-SNR regime, the DoF is a funda-

mental characterization of the achievable rate in multi-antenna

communication systems [12]. Due to the strong LoS channels

between the UAV and GBSs, the high-SNR assumption is

practically valid in our considered system. As a result, in

this section we study the maximum DoF of the multi-beam

UAV uplink communication under our proposed NOMA-based

strategy. The obtained design that maximizes the DoF will also

be useful to our proposed solution for problem (13) in the finite

SNR regime in Section VI.

The DoF represents the rate of growth for the system

capacity with respect to the logarithm of the SNR [12]. In

our considered system, a DoF of J is achievable if J data

streams can be transmitted from the UAV such that each data

stream j, 1 ≤ j ≤ J , can be decoded by at least one GBS,

while its interference at all GBSs needs to be zero. Specifically,

zero interference of sj by each data stream at any GBS can

be achieved by either aligning wj to the null space of this

GBS’s channel or otherwise such that this GBS can decode

sj for interference cancellation. Mathematically, the maximum

achievable DoF can be obtained by solving problem (13) with

P → ∞, i.e.,

max
J,{Λj ,wj}

J (14a)

s.t. (4), (5), (14b)

h
H
n wj 6= 0, ∀n ∈ Λj, ∀j, (14c)

h
H
n wj = 0, ∀n /∈ Λj, ∀j. (14d)

In problem (14), constraint (14c) guarantees that each data

stream can be decoded by its associated GBSs, and constraint

(14d), which is equivalent to constraint (12), ensures that each

data stream does not generate any interference to GBSs that

do not decode this data stream.

Theorem 1: Under the Rician fading channel model (1) and

assuming N > M , the maximum DoF of the considered

system under the proposed NOMA-based strategy, i.e., the

optimal value of problem (14), is given by

J∗ =

⌊

N

N −M + 1

⌋

, (15)

where ⌊x⌋ denotes the maximum integer no larger than x.

Proof: Please refer to Appendix A.

Note that if N = 4 and M = 3, the maximum DoF is

J∗ = 2 according to Theorem 1, as shown in Example 1.

Some intuition behind Theorem 1 is as follows. First,

according to (15), we always have J∗ ≥ 1. In other words, at

least one data stream can be transmitted by the UAV without

generating any interference to the terrestrial communications.

Note that without NOMA, no data stream can be transmitted

by the UAV with the zero-interference constraints at all GBSs

under N > M .

Second, under N > M , it can be shown that J∗ given in

(15) must satisfy J∗ < M . As a result, the upper bound of the

DoF is M , which is the maximum DoF when all the GBSs

are fully connected by the backhaul links such that a joint

information decoding is feasible. The achievable DoF under

our strategy shown in Theorem 1 is usually a fraction of this

upper bound. For example, if N = M +1, then the maximum

DoF is J∗ = ⌊(M + 1)/2⌋, which is about half of the DoF

achieved in the ideal case with fully connected GBSs.

Last, as shown in Appendix A, to achieve the maximum

DoF given in (15), the data stream-GBS associations should

satisfy

|Λj | =

⌊

N

J∗

⌋

, j = 1, · · · , j∗, (16)

|Λj | =

⌈

N

J∗

⌉

, j = j∗ + 1, · · · , J∗, (17)



where ⌈x⌉ denotes the minimum integer no smaller than x, and

j∗ ∈ [1, J∗] is the unique integer such that
∑

j |Λj | = N . It

can be shown that if the data stream-GBS associations satisfy

(16) and (17), we can always construct feasible ZF beamform-

ing vectors satisfying the zero-interference constraint (14d)

since M > N − |Λj |, ∀j.

VI. PROPOSED SOLUTION AT FINITE SNR

In this section, we propose an efficient algorithm to solve

problem (13) sub-optimally based on the results in the last

section. Note that given J and Λj’s, problem (13) reduces

to a beamforming design problem in a multi-group multicast

system, for which suboptimal algorithms have been designed

in [7]. However, it is difficult to jointly optimize J , Λj’s, wj’s

and Rj’s. In this section, we propose a method to decouple

the design of J and Λj’s from that of wj’s and Rj’s. First, we

design J and Λj’s based on the optimal solution to problem

(14), since problem (14) is a good approximation of problem

(13) in the high-SNR regime due to the strong LoS channels

between the UAV and GBSs. Then, with the obtained J and

Λj’s, we design the beamforming vectors to maximize the

UAV sum-rate.

First, we set J = J∗ in problem (13), and determine the

cardinalities of Λj’s based on (16) and (17). The remaining

question is how to assign |Λj | elements to each set Λj .

Note that with the zero-interference constraint (12), the rate

constraint (7) in problem (13) reduces to

log2

(

1 +
|hH

n wj |2

Qn + σ2
n

)

≥ Rj , ∀n ∈ Λj , ∀j. (18)

Intuitively, the rate for multicasting sj critically depends on the

GBS with the lowest effective SINR defined as ‖hn‖2/(Qn+
σ2
n) in the set Λj . If in each set Λj , there exists a GBS with

very poor effective SINR, then the multicasting rates are small

for all the data streams. Motivated by this observation, we

propose to multicast each data stream to a set of GBSs with

similar effective SINRs. Specifically, we re-arrange the order

of GBSs as n1, · · · , nN such that ‖hn1
‖2/(Qn1

+ σ2
n1
) ≥

‖hn2
‖2/(Qn2

+ σ2
n2
) ≥ · · · ≥ ‖hnN

‖2/(QnN
+ σ2

nN
). Then,

we adopt the following data stream association solution:

Λj = {n∑
i<j

|Λi|+1, · · · , n
∑

i≤j
|Λi|}, j = 1, · · · , J∗, (19)

where |Λj |’s are given in (16) and (17).

Next, given J = J∗ and Λj’s as given in (19), problem (13)

reduces to the following beamforming design problem:

max
{wj ,Rj}

J
∑

j=1

Rj (20a)

s.t. (12), (13c), (18). (20b)

In the following, we reduce the complexity for solving the

above problem based on the zero-interference constraints (12).

For simplicity, define

H−j = [· · · ,hn, · · · , ∀n /∈ Λj]
H ∈ C

(N−|Λj |)×M , ∀j,
(21)

Fig. 2. Cellular network topology for simulation.

as the collection of channels of all the GBSs that do not

decode the jth data stream of the UAV. As a result, the zero-

interference constraint (12) is equivalent to

H̄−jwj = 0, ∀j. (22)

Define the singular value decomposition (SVD) of H̄−j as

H̄−j = XjΘjY
H
j = XjΘj [Ȳ j , Ỹ j ]

H , ∀j, (23)

where Xj ∈ C
(N−|Λj |)×(N−|Λj|) and Y j ∈ C

M×M are

unitary matrices, and Θk is a (N − |Λj|) × M rectangu-

lar diagonal matrix. Furthermore, Ȳ j ∈ CM×(N−|Λj |) and

Ỹ j ∈ CM×(M−(N−|Λj |)) consist of the first N − |Λj| and the

last M−(N−|Λj|) right singular vectors of H̄−j , respectively.

Note that Ỹ j forms an orthogonal basis for the null space of

H̄−j , thus wj must be in the following form:

wj = Ỹ jw̃j , ∀j, (24)

where w̃j ∈ C(M−(N−|Λj |))×1. As a result, with the above

ZF beamforming solution, problem (20) is equivalent to

max
{w̃j ,Rj}

J
∑

j=1

Rj (25a)

s.t. log2

(

1 +
|hH

n Ỹ jw̃j |
2

Qn + σ2
n

)

≥ Rj , ∀j, ∀j ∈ Λj,

(25b)

J
∑

j=1

‖Ỹ jw̃j‖
2 ≤ P. (25c)

As compared to problem (20), the number of variables for de-

signing each beamforming vector is reduced from M in wj’s

to M−(N−|Λj |) in w̃j’s. Moreover, the number of constraints

is also reduced since the zero-interference constraints (12) do

not need to be expressed explicitly. Note that problem (25)

can be efficiently solved similarly by Algorithm 1 in [7]. We

thus omit the details here.

VII. NUMERICAL EXAMPLES

In this section, we provide numerical examples to verify the

effectiveness of the proposed multi-beam transmission strategy

with NOMA. We assume that the UAV is at a height of

H = 100 m, and N = 8 GBSs are in the UAV’s signal

coverage area, as depicted in Fig. 2. Moreover, it is assumed

that one terrestrial user is randomly located in each cell, which

communicates with the GBS using the same RB as the UAV.
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Fig. 3. Maximum achievable DoF versus number of antennas at the UAV.

The transmit power of each terrestrial user is assumed to be

23 dBm. We further assume that in the Rician fading channel

model (1), the Rician factor is λ = 3, and the LoS components

ĥn’s follow a linear array model [13]. At last, the bandwidth

of the RB used by the UAV is 10 MHz, while the power

spectrum density of the AWGN at the GBSs is −169 dBm.

A. DoF Performance

First, we consider the DoF performance achieved by our

proposed multi-beam transmission strategy with NOMA. In

the following, we list the maximum DoF for various values

of M under M < N according to Theorem 1 and the corre-

sponding DoF-achievable data stream association solution.

1) M = 1, 2, 3, 4: Maximum DoF J∗ = 1 is achievable

with Λ1 = {1, · · · , 8}.

2) M = 5, 6: Maximum DoF J∗ = 2 is achievable with

Λ1 = {1, 2, 3, 4} and Λ2 = {5, 6, 7, 8}.

3) M = 7: Maximum DoF J∗ = 4 is achievable with Λ1 =
{1, 2}, Λ2 = {3, 4}, Λ3 = {5, 6}, and Λ4 = {7, 8}.

For comparison, we evaluate an upper bound and a lower

bound of the maximum DoF in our considered system. Specif-

ically, for the performance upper bound, we consider the case

that all the GBSs are connected to the same central processor,

where a joint information decoding can be done based on the

signals received by all the GBSs. In this case, the maximum

DoF is J = min(M,N) = M . For the performance lower

bound, we consider the case that NOMA is not applied for

interference cancellation. As explained in Section III, the DoF

is always 0 under our considered setup with N > M .

The maximum DoF achieved by our proposed multi-beam

transmission strategy with NOMA as well as the DoF upper

bound and lower bound are depicted in Fig. 3, when the UAV

is equipped with M = 1, · · · , 7 antennas. It is observed that

as compared to the DoF upper bound, our proposed strategy

can achieve about half of the DoF for various values of M .

However, our proposed strategy is more practically appealing

since it merely relies on NOMA for interference cancellation,

rather than requiring bachkaul links for centralized interfer-

ence cancellation. Moreover, thanks to NOMA, our proposed
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Fig. 4. Transmit rate of UAV versus its transmit power constraint.

strategy achieves significant DoF gain as compared to the DoF

lower bound for various values of M .

B. Transmit Rate Performance

Next, we consider the transmit rate performance of the

UAV at finite SNR regime. It is assumed that the UAV is

equipped with M = 6 antennas. Since the maximum DoF

is J∗ = 2 as shown in Fig. 3, we assume J = 2 in problem

(13). Moreover, according to (19), we adopt the following data

stream association solution in problem (13): Λ1 = {2, 3, 5, 6}
and Λ2 = {1, 4, 7, 8}. At last, we use Algorithm 1 in [7]

to solve problem (20) for finding the beamforming solution

to problem (13). Note that the key to solving problem (13)

lies in the data stream association strategy. To illustrate the

effectiveness of the proposed data stream association solution

(19), we also consider a benchmark scheme in which 4 GBSs

are randomly selected for decoding the first data stream of the

UAV, while the other 4 GBSs decode the second data stream.

Fig. 4 shows the transmit rate of the UAV when its transmit

power constraint P varies from 13 dBm to 43 dBm, for

both the cases when the data stream association solution is

determined based on (19) or randomly selected. For simplic-

ity, we assume that in the benchmark scheme, the random

data stream association solution is Λ1 = {1, 2, 3, 4} and

Λ2 = {5, 6, 7, 8}. It is observed that for both the cases, the

transmit rate of the UAV increases with its transmit power

constraint. Moreover, it is observed that for various values

of the transmit power constraint, the transmit rate of the UAV

achieved by the data stream association solution based on (19)

is much higher than that achieved by the benchmark scheme

with random data stream association. This is because under the

considered setup, GBSs 4 and 7 have the lowest effective SINR

among all the GBSs. With the solution Λ1 = {2, 3, 5, 6} and

Λ2 = {1, 4, 7, 8}, the transmit rate of the second data stream

is limited by GBSs 4 and 7 and thus practically low, but the

transmit rate of the first data stream is much higher. However,

with the solution Λ1 = {1, 2, 3, 4} and Λ2 = {5, 6, 7, 8}, the

transmit rates of the first and second data streams are limited

by GBSs 4 and 7, respectively, and are thus both relatively low.



As a result, our proposed data stream association solution is

more practically effective.

VIII. CONCLUSION

This paper studied the UAV uplink communication in the

cellular network, where a multi-antenna UAV sends multiple

data streams to a large number of GBSs each serving a

terrestrial user at the same time over the same frequency

band. To achieve high data rate while mitigating the severe

interference to the terrestrial communications due to the strong

UAV-GBS LoS channels, this paper proposed a novel NOMA-

based transmission strategy where a selected subset of the

GBSs first decode the UAV’s signals and then cancel them

for decoding the terrestrial users’ signals. The achievable DoF

for UAV’s sum-rate maximization was first characterized in

closed-form in the infinite SNR regime, based on which an

efficient algorithm was then proposed to maximize the UAV’s

sum-rate in the finite SNR regime, both subjected to the zero-

interference constraints for protecting the terrestrial commu-

nications. Numerical examples were provided to verify the

effectiveness of the proposed strategy and optimized design,

which was shown able to significantly enhance the UAV’s

uplink throughput in the cellular network.

APPENDIX

A. Proof of Theorem 1

First, we show that given any J ≤ J∗, we can always find

a set of solution Λj’s and wj’s such that all the constraints

are satisfied in problem (14). In other words, the optimal

value of problem (14) is no smaller than J∗. Given any

J < N , we can always construct Λ1, · · · ,ΛJ that satisfy (4),

(5), |Λj | = ⌊N/J⌋ for j = 1, · · · , j∗, |Λj | = ⌈N/J⌉ for

j = j∗ + 1, · · · , J , and
∑

j |Λj | = N , for some j∗ ∈ [1, J ].
For each data stream j, the corresponding beamforming wj

should satisfy (14d), which is a linear system with M variables

and N − |Λj | linear equations. Note that with the above

construction of Λj’s, we have

N − |Λj | ≤ N −

⌊

N

J

⌋

, ∀j. (26)

If J ≤ J∗, it can be shown that
⌊

N

J

⌋

≥

⌊

N

J∗

⌋

= N −M + 1 > N −M, (27)

or equivalently M > N−⌊N/J⌋ ≥ N−|Λj |. In other words,

the number of variables is larger than that of linear equations,

and thus there always exist a non-zero solution of wj that

satisfies (14d), ∀j. Moreover, under the Rician fading channel

model (1), all the channels hn’s are independent with each

other. As a result, if wj is designed based on hn’s, ∀n ∈
∪i6=jΛi, as shown in (14d), then with probability one we have

h
H
n wj 6= 0, ∀n ∈ Λj , i.e., (14c). To summarize, given any

J ≤ J∗, we are able to construct a feasible solution to problem

(14).

Next, we show that if J > J∗, then we can never find a

set of solution Λj’s and wj’s such that all the constraints are

satisfied in problem (14). In other words, the optimal value

of problem (14) cannot be larger than J∗. Given any solution

Λj’s, we need to design wj’s to satisfy the linear equations

shown in (14d). Note that given any J , there must exists a

j∗ ∈ [1, J ] such that |Λj∗ | ≤ ⌊N/J⌋, since otherwise we have
∑

j |Λj | > N , which cannot be true under the constraint (5).

For this particular j∗, the number of linear equations as in

(14d) satisfies

N − |Λj∗ | ≥ N −

⌊

N

J

⌋

. (28)

If J > J∗, it can be shown that
⌊

N

J

⌋

<

⌊

N

J∗

⌋

= N −M + 1, (29)

or equivalently M ≤ N − ⌊N/J⌋ ≤ N − |Λj∗ |. In other

words, the number of variables is no larger than that of linear

equations. Moreover, in the linear equations shown in (14d),

hn’s are independent with each other under the Rician fading

channel model (1). As a result, with probability one, we cannot

find a non-zero wj∗ that satisfies hH
n wj∗ = 0, ∀n ∈ ∪i6=j∗Λi.

As a result, the maximum DoF, i.e., the optimal value of

problem (14), is equal to J∗. Theorem 1 is thus proved.
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