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Abstract

Integrating unmanned aerial vehicles (UAVs) into the cellular network as new aerial users is a
promising solution to meet their ever-increasing communication demands in a plethora of applications.
Due to the high UAV altitude, the channels between UAVs and the ground base stations (GBSs) are
dominated by the strong line-of-sight (LoS) links, which brings both opportunities and challenges.
On one hand, a UAV can communicate with a large number of GBSs at the same time, leading to
a higher macro-diversity gain as compared to terrestrial users. However, on the other hand, severe
interference may be generated to/from the GBSs in the uplink/downlink, which renders the interference
management with coexisting terrestrial and aerial users a more challenging problem to solve. To deal
with the above new trade-off, this paper studies the uplink communication from a multi-antenna UAV
to a set of GBSs in its signal coverage region. Among these GBSs, we denote available GBSs as
the ones that do not serve any terrestrial users at the assigned resource block (RB) of the UAV, and
occupied GBSs as the rest that are serving their respectively associated terrestrial users in the same
RB. We propose a new cooperative interference cancellation strategy for the multi-beam UAV uplink
communication, which aims to eliminate the co-channel interference at each of the occupied GBSs and
in the meanwhile maximize the sum-rate to the available GBSs. Specifically, the multi-antenna UAV
sends multiple data streams to selected available GBSs, which in turn forward their decoded data streams
to their backhaul-connected occupied GBSs for interference cancellation. To draw useful insights and
facilitate our proposed design, the maximum degrees-of-freedom (DoF) achievable by the multi-beam
UAV communication for sum-rate maximization in the high signal-to-noise ratio (SNR) regime is first
characterized, subject to the stringent constraint that all the occupied GBSs do not suffer from any

interference in the UAV’s uplink transmission. Then, based on the DoF-optimal design, the achievable
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sum-rate at finite SNR is maximized, subject to given maximum allowable interference power constraints
at each of the occupied GBSs. Numerical examples validate the DoF and sum-rate performance of our
proposed designs, as compared to benchmark schemes with fully cooperative, local or no interference

cancellation at the GBSs.

Index Terms

Unmanned aerial vehicle (UAV), multi-beam transmission, cooperative interference cancellation,

inter-cell interference control, beamforming, degrees-of-freedom (DoF), sum-rate maximization.

I. INTRODUCTION

Recently, unmanned aerial vehicles (UAVs) or drones have found a wide range of applications
in package delivery, video surveillance, remote sensing, aerial communication platform, and many
others, thanks to their flexible deployment and high mobility [[1]. To embrace the upcoming era of
“internet-of-drones”, it is imperative to enable high-performance communications between UAV's
and their ground users/pilots. Specifically, UAVs need to receive real-time control and command
signals from the ground with high reliability to guarantee their operation safety, as well as to
deliver mission-related payload data (e.g., high-resolution images/videos) to the ground with high
rate. However, most UAVs in the current market communicate with the ground via simple point-
to-point links over the unlicensed spectrum, which can only operate in the visual line-of-sight
(VLoS) range and result in limited performance and security. To overcome this issue, a promising
solution is cellular-enabled UAV communication, which leverages the ground base stations
(GBSs) in cellular networks for realizing high-performance UAV-ground communications [2]—
[4]. Compared to the existing approach, cellular-enabled UAV communication enables beyond
visual line-of-sight (BVLoS) UAV communications with the ground users, and is envisioned to
yield tremendous performance enhancement with today’s mature cellular technology.

Compared to traditional terrestrial users, UAVs possess dramatically distinct wireless channel
characteristics with the GBSs. Different from the terrestrial channels that typically experience
more significant attenuation over distance, shadowing and multi-path fading, the UAV-GBS
channel is generally dominated by the strong line-of-sight (LoS) link due to the high altitude
of UAVs [35]. Hence, UAVs in general have better channel conditions with much more GBSs
as compared to terrestrial users, which brings both opportunities and challenges to cellular

communications. On one hand, the more available macro-diversity in association with GBSs
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Fig. 1. Ilustration of the proposed multi-beam UAV communication in cellular uplink.

can be exploited to enhance the UAV communication performance in terms of reliability and
throughput by connecting to the GBS with the best channel at each time instant [1] or multiple
GBSs at the same time, especially when the UAVs have multiple antennas. On the other hand,
for the aerial and terrestrial users that simultaneously use the same time-frequency resource
block (RB), severe co-channel interference also occurs which may degrade significantly the
communication performance of UAVs in the downlink as well as terrestrial users in the uplink
(61, [I7].

To resolve the above fundamental trade-off in cellular-enabled UAV communication, we
consider in this paper a new multi-beam UAV communication scenario in the cellular uplink,
as shown in Fig. [I where a UAV equipped with multiple antennas sends multiple data streams
to its associated GBSs over a given RB assigned. By exploiting the macro-diversity, the multi-
beam communication can help significantly improve the spectral efficiency for the UAVs to
meet their high-rate payload data transmission requirement in the uplink. We divide the GBSs
in the UAV’s signal coverage region into two groups: occupied GBSs each already having an
associated terrestrial user to communicate in the same RB as the UAV, and available GBSs
which do not serve any terrestrial users in the uplink over this RB. Then, we aim to design the
transmit beamforming at the UAV to deliver its messages to a selected set of available GBSs
to maximize its uplink sum-rate, while in the meanwhile suppressing the interference caused to

the occupied GBSs for protecting their terrestrial user communications.



A. Prior Work

Recently, the UAV uplink communication has appealed a lot of attention in the literature. In
[81, [9], massive MIMO (multiple-input multiple-output) technique is employed at the GBS side
to mitigate the interference between multiple UAVs in the uplink communications. However,
interference control to the terrestrial communications is not considered in these works. On the
other hand, some initial field tests have pointed out the severe interference generated to the
terrestrial communications from the aerial users in the cellular uplink [3]], [10]. However, these
works do not propose new solutions to deal with this interference issue.

Despite the lack of studies on our considered UAV communication system in the cellular
uplink, effective interference control strategies have been widely studied in the literature for
terrestrial communications, including cognitive beamforming [11], [12], non-orthogonal mul-
tiple access (NOMA) [13]], [14], coordinated multipoint (CoMP) [15], etc. An important but
unaddressed question is whether these schemes can be applied to our considered system with
both aerial and terrestrial users.

First, our considered system shares similarity with the cognitive radio (CR) network, in which
a secondary user utilizes the transmit spectrum originally allocated to the existing primary users
for communications [[11], [12]. In these works, beamforming design at the secondary user is
optimized to maximize its transmit rate under the constraint that the interference seen by each
primary receiver is no larger than a threshold known as “interference temperature”. However,
the above cognitive beamforming strategy may be ineffective in our considered multi-beam
UAV communication in cellular uplink. This is because due to the large frequency reuse factor
in today’s cellular networks as well as the LoS-dominant UAV-ground links, the number of
occupied GBSs may practically far exceed the number of antennas at the UAV, which yields
limited or even zero degrees-of-freedom (DoF) for the UAV’s multi-beam uplink communica-
tion after projecting the beamspace to the orthogonal space of all occupied GBSs’ channels.
As a result, the spatial multiplexing gain of the multi-beam transmission cannot be realized,
even when the number of available GBSs is large.

Another effective approach for interference control is NOMA [13]], [14]. Under this strategy,
each receiver can employ the successive interference cancellation technique to first decode the
strong interference and then subtract the interference for useful message decoding. In our consid-

ered system, NOMA-based beamforming allows the UAV to either generate strong interference



to occupied GBSs such that they can decode and cancel it, or suppress the interference to protect
the occupied GBSs. Such a flexibility promises a reasonable sum-rate gain of the NOMA strategy
over the cognitive beamforming at the medium signal-to-noise ratio (SNR) regime. However, this
gain is expected to be marginal at the high SNR regime since successive interference cancellation
cannot improve the DoF of the system [16].

On the other hand, CoMP can significantly improve the DoF of the system by leveraging
the cooperations between different GBSs. For example, in cloud radio access network (C-
RAN) [17], [18], a set of GBSs are connected to a central processor via the fronthaul links.
By a joint decoding over the signals received at all the GBSs, the maximum DoF can be
achieved assuming perfect fronthaul links. However, CoOMP requires substantial overheads over
the backhaul/fronthaul links as the received signals at all GBSs (both occupied and available in
our considered system) need to be quantized and transmitted. Moreover, since multi-hop routing
is in general necessary, CoMP inevitably introduces a long delay for information decoding,
making it not suitable for delay-sensitive UAV applications.

To summarize, due to the unique feature of the multi-beam UAV communication in cellular
uplink, i.e., a large number of (available and occupied) GBSs are in the UAV’s signal coverage
region, the existing interference management strategies for terrestrial communications cannot
be directly used in our considered system, and innovative solutions are needed to tackle this

challenge.

B. Main Contributions

The contributions of this paper are summarized as follows.

First, to harvest the gain of cooperative decoding but with low implementation cost and
low delay, we propose a novel cooperative interference cancellation strategy, by exploiting the
existing backhaul connections between adjacent GBSs, e.g., Xhaul [19], in cellular networks.
Specifically, we first select a subset of the available GBSs, each for decoding one data stream
sent from the UAV; then, we let these GBSs forward the decoded messages to their backhaul-
connected occupied GBSs for the latter to cancel the UAV’s interference. In this regard, for each
data stream sent by the UAV, the number of occupied GBSs that still require interference nulling
via cognitive beamforming at the UAV is significantly reduced. As a result, more data streams can
be transmitted under the interference temperature constraints of the occupied GBSs as compared

to the cognitive beamforming and NOMA strategies. Moreover, this scheme merely requires



backhaul connections between adjacent GBSs, and is more practically appealing as compared to
the CoMP strategy.

Next, due to the typical high-SNR communication links between the UAV and GBSs resulting
from the strong LoS-dominant channels as well as for drawing useful insights, we first provide
a DoF analysis for the considered multi-beam UAV uplink communication system with GBSs’
cooperative interference cancellation. Specifically, we derive the maximum achievable DoF with
our proposed strategy for UAV’s sum-rate maximization subject to the stringent constraint on
no harmful interference to existing terrestrial uplink communications, by jointly optimizing the
number of independent data streams sent by the UAV as well as their associated available GBSs.
We also present a zero-forcing (ZF) based transmit beamforming design to achieve the maximum
DoF. It is shown analytically that our strategy can achieve higher DoF compared to the cognitive
beamforming strategy as well as the NOMA strategy.

Furthermore, this paper also considers the UAV sum-rate maximization problem at the finite
SNR regime, under the interference temperature constraints for protecting the occupied GBSs.
Utilizing the DoF-optimal data stream association solution, we reveal that our considered system
reduces to a multi-group multicast channel [20], and thus the existing beamforming design for
sum-rate maximization in the broadcast channel [21], [22] cannot be applied. Nevertheless,
this paper proposes an efficient beamforming design algorithm based on the successive convex
approximation technique for solving the formulated problem locally optimally. Numerical results

are provided to show the significant sum-rate gain over the cognitive beamforming strategy.

C. Organization

The rest of this paper is organized as follows. Section [[I] describes the system model for
our considered multi-beam UAV communication in cellular uplink. Section introduces the
proposed cooperative interference cancellation strategy to protect the occupied GBSs. Section
formulates the sum-rate maximization problem under the interference temperature constraint.
Section [V] characterizes the DoF of the considered system by solving the formulated problem
in the infinite SNR regime. Section proposes an efficient algorithm to solve the formulated
problem in the finite SNR regime. Section provides the numerical simulation results to
evaluate the performance of the proposed cooperative interference cancellation strategy. Finally,

Section [VIIIl concludes the paper and outlines the future research directions.



Notation: Scalars are denoted by lower-case letters, vectors by bold-face lower-case letters,
and matrices by bold-face upper-case letters. I and O denote an identity matrix and an all-zero
matrix, respectively, with appropriate dimensions. For a matrix M of arbitrary size, M*" denotes
its conjugate transpose. The distribution of a circularly symmetric complex Gaussian (CSCG)
random vector with mean @ and covariance matrix X is denoted by CN (zx, X); and ~ stands for
“distributed as”. C**¥ denotes the space of x X y complex matrices. ||x|| denotes the Euclidean

norm of a complex vector .

II. SYSTEM MODEL

As shown in Fig. [, we consider the uplink communication in a cellular network consisting
of one UAV equipped with M > 1 antennas and N GBSs in the UAV’s signal coverage region
denoted by the set N = {1,---, N}. 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 general case of multi-antenna GBSs with flexible three-dimensional
(3D) beamforming will be considered in future work.

Denote h, € CM*! as the effective uplink channel vector from the UAV to GBS n, n =
1,---,N; and h,,,, as the channel coefficient from the mth antenna of the UAV to GBS n
such that h,, = [hyp1,- -, hn, M]H . In this paper, we consider that the UAV is at a fixed location
(e.g., when hovering), where d,, in meters (m) denotes the distance from the UAV to GBS n.

Moreover, we consider the Rician fading channel model, and the channel from the UAV to GBS

T0 A ~ 1 ~
b= = |/ ~"—h,+/——h 1
" d%( A+1" A+1 ")’ )

where 7y denotes the channel power gain at the reference distance dy = 1 m; h, € CM*! with

||| = 1 denotes the LoS channel component; h, € CY*! with h ~ CN(0,I) denotes the

n is given by

Rayleigh fading channel component; and A > 0 is the Rician factor specifying the power ratio
between the LoS and Rayleigh fading components in h,. Note that under the above Rician

fading channel model, the channel vectors between the multi-antenna UAV and any N', N’ <

'In practice, the fixed beam pattern may be resulted from the fact that in the current 4G-LTE (long-term evolution) cellular
network, GBS antennas are generally tilted downwards for mitigating inter-cell interference of terrestrial communications, thus

aerial users can only be served by the sidelobes.



min(M, N), GBSs are linearly independent with probability one. We further assume that all
h,’s are known at the UAV.

The UAV employs the multi-beam scheme to transmit its messages to some selected (available)
GBSs at an assigned RB, which is assumed given in this paper; while in practice it can be

dynamically assigned in the network. The transmit signal of the UAV is expressed as

J
xr = ij'Sj, (2)
j=1

where J denotes the number of independent data streams sent by the UAV, s; ~ CAN(0,1)
denotes the message for the jth data stream, and w; € CM*! denotes the transmit beamforming

vector for s;. The received signal at the nth GBS at this given RB is thus given by

7
yn:hwajsijSn—l—zn, nenN, 3)

j=1

where S,, denotes the received signal from the terrestrial user that is transmitting at the same RB
as the UAV in cell n, and z, ~ CN(0,02) denotes the aggregated noise due to the interference
generated by the terrestrial users that are transmitting at the same RB as the UAV in the other
cells as well as the additive white Gaussian noise (AWGN) at GBS n. It is worth noting that
S, # 0 if the UAV’s RB is used by GBS n to serve a terrestrial user in its cell, and S, = 0
otherwise.

Suppose that among the N GBSs, N; < N GBSs are currently serving their terrestrial users at
the same RB as the UAV (denoted as occupied GBSs), while N, = N — N; GBSs are not using
this RB to serve any terrestrial users (denoted as available GBSs). For convenience, we define
N1 ={1,--- Ny} as the set of N; occupied GBSs, and Ny = {N;+1,---, N} as the set of Ny
available GBSs. In traditional cellular networks with a fixed frequency reuse factor, the occupied
GBSs may correspond to those which are assigned the same frequency band for serving some
terrestrial users in their associated cells, which contains the sub-band of the RB assigned to the
UAV. Then the available GBSs are those assigned with other orthogonal frequency bands and thus
can serve the UAV opportunistically without affecting the uplink communications of their own
terrestrial users (at different frequency from that of the UAV). As a result, the cellular spectrum

can be efficiently utilized to serve the UAV users by exploiting the macro-diversity, provided

’In practice, the UAV may send min (M, N) orthogonal pilots for channel training, and the GBSs can feed back their channels
to the UAV.
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Fig. 2. An example of the cellular network topology with fixed frequency reuse.
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that the strong interference to the occupied GBSs is effectively mitigated. Notice that this leads
to an interesting new cell association strategy for the UAV’s uplink communication, where its
associated (available) GBSs are simultaneously serving their terrestrial users in other frequency
bands, which is in sharp contrast to the conventional cell association of terrestrial users. For
example, under the cellular network topology shown in Fig. 2, GBSs in the set N7 = {1,2, 3}
are occupied GBSs assigned with frequency band B, and those in the set Ny = {4,5,6,7,8}
are available GBSs assigned with orthogonal bands B,, Bs, etc.

Since the available GBSs are not using the same RB as the UAYV, only the terrestrial users
served by the occupied GBSs may generate inter-cell interference to the available GBSs at this
particular RB (modeled in z, for n € N; given in (3)). In this paper, we assume that such
terrestrial interference has been well mitigated due to the non-LoS terrestrial channel fading and
the inter-cell interference coordination (ICIC) techniques (such as cooperative RB allocation,
beamforming, power control, etc.) employed by the GBSs, and thus any leakage interference
is assumed to be much weaker and almost negligible as compared to the UAV’s uplink signal
received at each available GBSs. As a result, the UAV can opportunistically send its data streams
to any available GBSs with negligible interference from terrestrial communications. However,
the interference caused by the UAV to the terrestrial uplink communications at the occupied
GBSs (as given in (@) for n € N;) is strong and cannot be ignored.

Since each GBS equivalently has one antenna due to fixed beam pattern, the UAV can send at
most one data stream to each available GBS. Define A; C N, as the set of available GBSs that
decode s;, j =1,---,J, where A; # (), Vj, and A; (" A; = 0, Vi # j. Then for an available GBS

ny € A, the signal-to-interference-plus-noise ratio (SINR) for decoding the jth data stream of
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the UAV is
b, w,|”

7n27j = Z‘hiwz‘z +UTZL27

7]

Accordingly, the achievable rate in bits/second/Herz (bps/Hz) for multicasting data stream j to

its associated available GBSs is given by

R; = min log, | 1+ ‘h"Hij‘z
T ngen; 2 > \hnHQ’wiP +o2 |’
i#]

On the other hand, as shown in (), each occupied GBS n; needs to decode the message S,,,

V. (5)

sent by its served terrestrial user. Due to the strong LoS channels between the UAV and GBSs,
the UAV should carefully control its interference to each occupied GBS to protect its terrestrial
uplink communication. In this paper, we consider that the interference power generated at each
occupied GBS n; should be no larger than a given interference temperature constraint [11],
which is denoted by ©,,, > 0. Note that if the UAV simply leverages the transmit beamforming
technique to control the interference at all the occupied GBSs, according to (), the following

conditions need to be satisfied:
J

Z |h51w]|2 S @nl, an € Nl. (6)

j=1
However, in our considered system, there may not even exist a feasible beamforming solution
to satisfy (€) when |w,|| > 0, Vj, and ©,,’s are sufficiently small. For example, the number
of occupied GBSs in practice can be larger than the number of antennas at the UAV due to
the LoS channels, i.e., N; > M. In the extreme case when the interference from the UAV
to the occupied GBSs needs to be totally mitigated, i.e., ©,, = 0, Vn; € MNi, we must have
|h£{1 'wj|2 = 0, Vny, V7. With N; > M, almost surely there does not exist a feasible non-zero
beamforming solution for the UAV to satisfy the above equations. Therefore, we are motivated
to propose a new strategy in the next section for more effective air-to-ground interference control
such that the interference temperature constraints can be more easily satisfied at the occupied

GBSs.

III. COOPERATIVE INTERFERENCE CANCELLATION

In this section, we propose a novel cooperative interference cancellation strategy, which can

effectively mitigate the interference caused by the uplink multi-beam UAV communication to
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the uplink terrestrial communications at the occupied GBSs, even in the case when the number
of occupied GBSs is large and the interference threshold at each occupied GBS is small. Note
that the proposed strategy is motivated by the recent developments of the Xhaul structure [19]
in cellular networks, where adjacent GBSs are connected by the backhaul links such that they
can exchange information efficiently.

Specifically, since each of the available GBSs can opportunistically decode one data stream
from the UAYV, they can forward their decoded data streams to their connected occupied GBSs
over the backhaul links such that these occupied GBSs can cancel the interference caused by the
UAV’s data streams. For any occupied GBS n; € Ny, define ®,,, C N, as the set of available

GBSs that have one-hop backhaul connections with the occupied GBS an Moreover, define
in,j:q)nlﬂAj7 nléNl,jzl,"',J, (7)

as the set of available GBSs that are connected to the occupied GBS n; and can decode the
message from the jth data stream, i.e., s;. If €, ; # 0, then the available GBSs in €2, ; can
send the decoded s; to the occupied GBS n; via the backhaul links, which then subtracts the
interference caused by s; from its received signal (assuming that the corresponding effective
channel coefficient hfi w; is estimated at GBS n,); otherwise, if €2, ; = (@, then no available

GBS can help the occupied GBS n; to cancel the interference caused by s;. Define
Fnlz{j:thj:@aj:la'”7J}7 nlENl, (8)

as the set of data streams that the occupied GBS n; cannot obtain from its connected available
GBSs. Then for the occupied GBSs, the received signal model given in (3) reduces to the

following form after cooperative interference cancellation:

Yn, = hH7 Z w;s; + Sp + 2n,, 11 €N 9)

1
J€Tn,

Therefore, the UAV merely needs to utilize the beamforming technique to control the residual
interference caused by the data streams s;’s, Vj € I'),, such that the following conditions hold:

> pfwP <0, Vi eN. (10)

j€Tn,

3In this paper, to minimize the processing delay to cater for the high UAV mobility in practice, we assume that each available
GBS can merely forward its decoded message to an occupied GBS that is backhaul-connected to it without any intermediate

GBSs (hops).
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The above strategy is referred to as cooperative interference cancellation, since the available
GBSs are utilized to forward some decoded messages to their connected occupied GBSs for
interference cancellation. Note that to fully utilize the backhaul connections for cooperative
interference cancellation, the UAV usually needs to multicast each data stream j to more than
one available GBSs denoted by the set A; as shown in (B)—(5), whereas in the case without
cooperative interference cancellation for the occupied GBSs, it is sufficient to send each data
stream to one available GBS only.

By comparing (6) and (I0), it is observed that with the above strategy, the interference temper-

J
hoyw;|? <370 [yl w,]?, V.

ature constraint is generally easier to be satisfied since ) €D,
Take the extreme case with zero-interference, i.e., ©,, = 0, Vn4, or equivalently, |h£j{1 'wj|2 =0,
Vnq, V7, as an example. Consider the network topology shown in Fig. 2l where we have N; = 3,
&, ={4,5,6}, &, = {5,6,7}, and P3 = {6,7,8}. Suppose that the UAV has M = 2 antennas
and its channels to occupied GBSs 1, 2, and 3 are linearly independent with each other (which
is true under our considered Rician fading channel model (d)). Without the use of the proposed
cooperative interference cancellation strategy, no data stream can be transmitted to the available
GBSs without generating any interference to all the three occupied GBSs, since in this case the
null space of the space spanned by hy, hs, and h3, which are linearly independent to each other,
does not exist. However, with the proposed strategy, at least one data stream can be sent to GBS

6, which then forwards this data stream to occupied GBSs 1, 2, and 3 such that interference

cancellation can be performed even without the need of UAV’s ZF beamforming.

IV. SUM-RATE MAXIMIZATION UNDER INTERFERENCE CONSTRAINTS

Under the cooperative interference cancellation strategy proposed in Section [II} in this paper
we aim to maximize the UAV’s sum-rate to the available GBSs in the uplink, i.e., > y R; with
R; given in (§), subject to the interference temperature constraints (I0). To achieve this goal, we
need to jointly design the number of transmit data streams, i.e., J, the designated available GBSs
of each data stream j, i.e., A;, the corresponding beamforming vector and power allocation for
multicasting each data stream j to the available GBSs A, i.e., w;, as well as the multicasting

rate for each data stream j, i.e., [7;. To summarize, the UAV’s sum-rate maximization problem
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subject to the interference temperature constraints can be formulated as

J
: 11
By 2 (o
s.t. 1Og2(1 + ’Vng,j) > Rj, Vng € Aj, j = 1,--- ,J, (11b)
ST nfwP <o, Ve, (11¢)
J€Tn,

N #0, =1, (11d)
AYA=0, dj=1--,J withi# j, (11e)

J
> lwy|* < P, (116)

j=1

where (11D is due to the definition of multicasting rate given in (3, is the interference
temperature constraint to each occupied GBS after (possible) cooperative interference cancella-
tion, (L1d) guarantees that each data stream needs to be sent to at least one available GBS, (I1€)
guarantees that each available GBS can decode one data stream at most, and (I1f) guarantees
that the total transmit power of the UAV is no larger than a power constraint denoted by P.

To find the optimal solution to the above problem, we need to first perform exhaustive search
over J, with 1 < J < min(M, N); and for each given J, we need to conduct an exhaustive
search over all the feasible data stream association with the available GBSs A;’s; while given any
assignment A;’s, we need to optimize the beamforming vectors w;’s to maximize the sum-rate
of all the UAV’s data streams. At last, we select the optimal value of J (and the corresponding
optimal data stream association and optimal beamforming vectors) that results in the largest
sum-rate. It is known that even with given J and A;’s, the sum-rate maximization problem via
beamforming optimization is NP-hard [23]. As a result, if we jointly optimize A;’s and w;’s
directly for each given .J, we need to solve an NP-hard beamforming problem for a very large
number of times.

To draw useful insight to our formulated problem and facilitate low-complexity algorithm
design, we first study the optimal solution to the above problem in the asymptotic regime when
the transmit power of the UAV goes to infinity, i.e., P — oo. In this case, problem reduces
to the an equivalent DoF maximization problem with ZF constraints. Such an asymptotic analysis
enables us to see more clearly the rate gain of the proposed cooperative interference cancellation

strategy compared to the benchmark schemes with only local or no interference cancellation at
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the occupied GBSs, as will be shown in Section [Vl Moreover, as will be shown in Section [V1]
based on the obtained DoF-optimal solutions for A;’s, we propose an efficient beamforming
design for problem to maximize the sum-rate of the UAV in the finite SNR regime.
Remark 1: It is worth noting that without the use of cooperative interference cancellation,
we can only design the beamforming vectors of the UAV to control its interference to the
occupied GBSs as shown in (@) and maximize its transmission rate to the available GBSs. Such
a beamforming design problem has been considered in the CR network where a secondary user
aims to maximize its transmission rate over a shared channel with a set of primary users subject
to given interference temperature constraints at their receivers [11]. For convenience, we refer

to the above scheme as cognitive beamforming.

V. DOF ANALYSIS

Note that in the high-SNR regime, the DoF is a fundamental characterization of the achievable
rate in MIMO communication systems [24]]. 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 by our
proposed strategy and compare it with that of other techniques such as CoMP/C-RAN, NOMA,
and cognitive beamforming. The obtained design that maximizes the DoF will also be useful to

our proposed solution for problem in the finite SNR regime in Section [V

A. Problem Formulation

The DoF represents the rate of growth for the network capacity with respect to the logarithm
of the SNR [25]]. 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 can be decoded by at least one available
GBS, while its interference at the occupied GBSs as well as other available GBSs that decode the
other data streams is zeroH Under our proposed cooperative interference cancellation strategy,

zero interference of s; at any occupied GBS can be achieved by either aligning w; to the null

*Note that the interference temperature constraint at each occupied GBS is in general ©,,, > 0 in problem (II). However,
as P goes to infinity, the interference of each data stream at each occupied GBS can be either zero or infinity. As a result, the

only way to satisfy these interference temperature constraints is to ensure zero-interference at each of the occupied GBSs.
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space of this GBS’s channel or selecting one of its connected available GBSs to decode s; for

interference cancellation. For any data stream j, define
Uy={n: @, [\ Nj=0m=1,-- N}, j=1,--- (12)

as the set of occupied GBSs that cannot receive this data stream from its connected available

GBSs. Then, as P — oo, problem reduces to the following DoF maximization problem.

max J (13a)
JAA;, W5
st. hllw; #£0, Vna €Ay, j=1,---,J (13b)
hiw, =0, Vnpe| JA, j=1,---,J (13¢c)
i#]
hlw; =0, VYn eV, j=1,--,J (13d)

(11d), [IIe). (13e)

In the above problem, (I3b) and (I3c) guarantee that each s; can be decoded by the available
GBSs in the set A; with an infinite SNR [25], and (13d) guarantees that the interference caused
by each jth data stream at any occupied GBS that cannot receive it from the connected available
GBSs (hence cannot cancel its interference) is zero.

The above DoF maximization problem can be solved as follows. First, given any .J, we check
whether there exists a feasible solution of A;’s and w;’s to satisfy the conditions in problem
(13). Then, the maximum achievable DoF of problem can be obtained by a bisection search
over the interval [1, min(M, N,)], since in the most favorite case without any occupied GBSs,

the maximum DoF is min(M, Ns).

B. Feasibility Check

Note that the key to solve problem (13) via the bisection method lies in how to check whether
a DoF of J is feasible or not given any network setup. The following theorem simplifies the
feasibility check problem by characterizing the achievable DoF merely as a function of A;’s.

Theorem 1: Under the Rician channel model (1)), a DoF of J < min(M, N;) is achievable if

and only if we can find a solution of A;’s, j = 1,--- ,.J, which satisfies the following conditions:
U+ N[ <M, =1, (14)
i#]

[1d), [TId).
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Proof: Please refer to Appendix [Al [ |

The intuition of Theorem [I]is that there exists a feasible beamforming solution to satisfy (13b))
and (I3d) if and only if the data stream association A;’s satisfy (14)). As a result, the achievable
DoF only depends on A;’s. Based on the DoF characterization of the proposed strategy shown
in Theorem [I we formulate the following feasibility problem to check whether a DoF J is

achievable by optimizing the association between data streams and available GBSs:

find Ay, -+, Ay (15a)
s.t. (11d), (IId), ([14). (15b)

Compared to the original DoF feasibility check via problem (13), the number of variables in
problem (I3) is reduced since beamforming design is not involved. Moreover, the number of
possible data stream association solutions of A;’s is finite. As a result, we can solve problem (13])
via an exhaustive search as follows. First, we list all the possible solutions of A;’s that satisfy
(I1e). Since each available GBS can be assigned to decode either one of the J data streams
or nothing, there are (J + 1) possible solutions of A;’s in total. Then, we check whether
there exists a solution among all that satisfies (I1d) and (I4). If so, we say that a DoF of J is

achievable; otherwise, we claim that a DoF of J is not achievable.

C. DoF-Optimal Beamforming Design

In this subsection, we present a ZF-based transmit beamforming solution to problem (I3])
that can achieve the maximum DoF J with the obtained data stream-GBS association A;’s
obtained in the preceding subsection. For ease of exposition, we assume that the set of avail-
able GBSs that receive the jth data stream is given by A; = {N; + S/ |Ay] 4+ 1,---, Ny +

Z:l |As|}. Define H? =|h “h ] € CM*IAl a5 the aggregate chan-

Ni+SI T A+ D PN T A
nel matrix from the UAV to all the available GBSs that receive the jth data stream, and
Hf*_j] =[H},- - ,H?_l, H?H,- -, HY) € CM*2izi Ml a5 the aggregate channel matrix from

the UAV to all the available GBSs that receive a different data stream from j. Similarly,
denote H ?_j] € CMxI¥l as the aggregate channel matrix from the UAV to the set of occupied
GBSs in V;. It then follows that the beamforming vector w; should lie in the null space of

H[_j] = [Hf*_ﬂ,H[O_jﬂ, namely,

wi'H_;; =0, Vj (16)
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D. Comparison with Other Techniques

Note that this paper utilizes the one-hop backhaul connections between adjacent GBSs to
achieve partial interference cancellation. Alternatively, we can achieve the full interference
mitigation via CoMP by connecting each occupied GBS to all the available GBSs via the
backhaul links, i.e., ®,, = N>, Vn;, or connecting all the GBSs to a central decoding unit via
fronthaul links as in C-RAN. Alternatively, we can achieve local interference cancellation via the
uplink NOMA without any need for the backhaul/fronthaul signal forwarding, i.e., ®,,, =0, Vn;.
Specifically, with CoMP, as long as a data stream is decoded, it can be cancelled for decoding
all the other data streams. As a result, we have the following proposition.

Proposition 1: With CoMP in which each occupied GBS has backhaul connections to all
the available GBSs, i.e., ®,, = N>, Vn;, the maximum DoF of the multi-beam UAV uplink
communication is min(M, Ny).

Proof: With @, = N, we have ¥; = () and thus |¥;| = 0, Vj according to (I2). It then
follows from Theorem [l that J = min(M, N,) is achievable. n

It is worth noting that the above DoF is achieved at the expense of connecting all GBSs together
via a large number of backhaul links, which is not cost-effective in practice and also introduces
long delay which may not be amenable to the dynamic coverage area of the UAV due to its high
mobility. In this regard, uplink NOMA may be appealing as no backhaul connections are required
to perform local interference cancellation. Alternatively, the simple cognitive beamforming can be
applied, which does not require any interference cancellation. For the purpose of DoF analysis, in
this case we should adopt ZF-based transmit beamforming such that zero-interference is achieved
at all occupied GBSs. The DoF of the uplink NOMA scheme and the cognitive beamforming
without cooperative interference cancellation is characterized by the following proposition.

Proposition 2: If all the GBSs are isolated without the exchange of decoded messages via
backhaul links, i.e., ®,,, = (), Vn;, the maximum DoF of the considered system is min(max (M —
N1,0), Ny).

Proof: With ®,,, = (, we have ¥; = N; and thus |¥;| = Ny, Vj according to (12)). It then
follows from Theorem [I] that the maximum achievable DoF is max(min(M — Ny, N),0) =
min(max(M — Ny, 0), Ny), for the case of ZF-based cognitive beamforming. This result also

holds for uplink NOMA as successive interference cancellation (SIC) only improves the SINR,
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but does not help increase the DOFH [ |

To summarize, our scheme based on cooperative interference cancellation can achieve a
DoF gain over NOMA/cognitive beamforming with a reasonable requirement of the backhaul
connections. Furthermore, from a practical system implementation viewpoint, the message-
forwarding assisted interference cancellation in our proposed scheme is also more robust to

the error propagation issue in NOMA due to the SIC.

VI. PROPOSED SOLUTION AT FINITE SNR

In this section, we focus on solving problem (L)) in the finite SNR regime. As discussed in
Section [[V] the main difficulty lies in the coupled design of J, A;’s, w;’s, and R;’s, in which
J and A;’s are discrete. To reduce the complexity for solving problem (L), in this section we

propose to decouple the design of J and A;’s with that of w;’s and R;’s.

A. Data Stream Association Design

In the first step, we aim to optimize J and A;’s. The key issue is that what criterion should
be used to design J and A;’s. In Section [Vl we have shown in Theorem [I] that the maximum
DoF of our considered system can be characterized by A;’s solely. This paper thus selects .J and
A;’s that maximize the DoF of our considered system as the solution to problem (LI). Such a
suboptimal solution of J and A;’s decouples from the design of w;’s and R;’s; thus, it not only
reduces the algorithm complexity, but also achieves a reasonable performance since the DoF
maximization problem (based on which we determine J and A;’s) is a good approximation to
problem (L)) at high SNR, which is usually the case for our considered multi-stream UAV uplink

transmission for applications with high data rate (e.g., HD video) over strong LoS channels.

Note that there is an implicit assumption made here for the DoF analysis of uplink NOMA: the terrestrial users served by the
occupied GBSs also have asymptotically high SNR as the UAV. This is for fair comparison with the other schemes considered in
this section, where a stringent zero-interference condition holds at all the occupied GBSs, even when their associated terrestrial

users have infinite SNR.
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B. Beamforming and Rate Allocation Design

Next, given this solution of J and A;’s, problem reduces to the following problem

max R; (17a)

st (b)), ([I1d), [@Lf), (17b)

based on which we can jointly optimize w;’s and R;’s to maximize the UAV sum-rate subject
to the interference temperature constraints at the occupied GBSs.

It is worth noting that for information broadcasting applications in which a multi-antenna
transmitter sends an independent message to each of the receivers simultaneously, the sum-rate
maximization problem has been well-studied in the literature (see, e.g., [21], [22]). However,
the results for sum-rate maximization in the MIMO broadcast channel (BC) cannot be used for
solving problem due to the minimum-rate operation in (3). In fact, our considered system
can be considered as a multi-group multicast channel [20], where each of the J data streams is
deemed to be decoded by an exclusive subset of the available GBSs. To the best knowledge of
the authors, for a multi-group multicast channel, our considered sum-rate maximization problem
is still open in the literature even without the interference temperature constraint (I1d), although
a different transmit power minimization problem subject to the individual SINR constraints of
each user has been investigated in [20].

The objective function of problem is a linear function over R;’s. Moreover, the in-
terference temperature constraint and transmit power constraint are also convex.
However, the rate constraint (IID) is non-convex. In the following, we apply the successive
convex approximation technique to deal with the non-convex rate constraint (IIb)) in problem
{@i.

By introducing a set of auxiliary variables 7,,,’s, it can be shown that the rate constraint (ITbl)

is equivalent to the following constraints:

(R w; > > (2% — 1), Ve € A, V5, (18)
S IR wil? + 02, <y, Vg € A4V (19)
i#j

Here, 7,, can be interpreted as the interference temperature constraint at the available GBS
ny for decoding s;. Constraint (19) is a convex constraint. In the following, we deal with the

non-convex constraint (I8]).
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First, it can be shown that by introducing some auxiliary variables a,,, ;’s and b, ;’s, constraint

(18) is equivalent to the following constraints:

az, 40, — (2% = 1), >0, Vng € Ay, Vj, (20)
Upyj = Re(h;’iwj), bnyj = Im(hiwj), Vng € Aj, V. 20

Next, given any ay, j, by, ;, and ¢, ; > 0, define a function of ay, ;, by, j, I;, and 7,, as

f(anzm bnz,jv ij Thny ‘&m,jv bnmjv énmj)

~ 7 ~2 72 MnaCngj | 2/ — 1 ’
=20n3.,3na 5+ 2bng 10n,j — Gy 5 — by — + >z : (22)
’ ’ 2 Qan,j
It can be shown that f(ayn, j, bny.js Rj, Mo |Gny.js Ona,js Cny i) 18 @ concave function over a,, ;, by, ;,

R;, and 7,,,. Moreover, the following inequality holds for f(a,, j, bn, js Rj, My |Gng.js bng.js Cnyj):

0,2 + bz - (2Rj - l)nn2 Z .f(a'nz,ja bnz,ja Rja nn2|dn2,ja BTLQ,j) 6n2,j)a \V/ng € Ajavja (23)

n2,j nz,j

where the equality holds if and only if dy, j = Gny.js by = Ong.jr AN Gy s = /(25 — 1) /1],

Thus, we can use this concave lower bound f(an, ;, b, i, ), o |Gnsg.jy Do ji Cny,j) 1O approximate

constraint (20) as follows:

f(am,j’ bn27j> Rj’ Thny |dnz7j> bm,j’ 67127j) > O> vn? € Aj’ V] (24)

Given any @y, ;’s, by, ;’s, and é,,; > 0’s, with constraint (ITB) replaced by (19), I) and

, we can solve the following approximated convex problem:
J

max R; (25a)
{Ww;,R;}{any,j,bng,i 1 {mmy } Z !

j=1
5.t Mg, @i, @D, 1), @ (25b)

Problem (23) is a convex optimization problem, thus can be solved efficiently by CVX [26].
After solving problem (23) given any point a,, ;’s, I;nz,j’s, and ¢,,; > 0’s, the successive
convex approximation method for solving problem proceeds by iteratively updating ay, ;’s,
by, s, and é,, ; > 0’s based on the solution to problem (23). The proposed iterative algorithm
is summarized in Algorithm [Il where ¢ denotes the index of iteration, and ¢ > 0 is a small value

to control the convergence of the algorithm. The convergence of Algorithm [I] is guaranteed by

the following theorem.
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Algorithm 1 Proposed Algorithm for Solving Problem (17).

Initialization: Set the initial values for dy, ;’s, b,,;’s, and é,,; > 0’s and ¢ = 1;

Repeat:
1) Find the optimal solution to problem (23) using CVX as {wgq) R\ @ 0 .

YY) N2, o Tng,go
~ (a)
2) Update dn,; = G i, by = b, and &, ; = \/ 258" — 1) /n';
3) g=q+1.

Until 7| R — 57 RV <

Algorithm 2 Proposed Algorithm for Solving Problem .
1) Find the maximum DoF J such that there exists a feasible solution of the data assignment

A;’s to problem (13)), and fix the obtained J and A;’s as the solution to problem (LI));
2) Find the beamforming solution w;’s and rate allocation solution R;’s to problem (L) via

Algorithm

Theorem 2: Monotonic convergence of Algorithm[I]is guaranteed, i.e., E;’zl Rg-‘” > Z}le R§q_1),
Vq > 2. Moreover, the converged solution satisfies all the Karush-Kuhn-Tucker (KKT) conditions
of problem (I7).

Proof: The proof of Theorem 2l directly follows that for [27, Theorem 1], and is thus omitted
for brevity. u
The overall algorithm to solve problem (LI) with a joint optimization of J, A;’s, w;’s, and

R;’s is summarized in Algorithm [2|

VII. NUMERICAL EXAMPLES

In this section, we provide numerical examples to verify the performance of the proposed
cooperative interference cancellation strategy for the multi-beam UAV communication in the
cellular uplink. We consider the cellular network topology shown in Fig. [2L where there are
N = 8 GBSs, among which N; = 3 GBSs are occupied GBSs with A; = {1,2,3}, and N, =5
GBSs are available GBSs with N, = {4,5,6,7,8}. Each GBS covers a cell with a radius of 200
meters (m). Moreover, the backhaul connections between the occupied GBSs and the available
GBSs are specified by ®; = {4,5,6}, &2 = {5,6,7}, and 5 = {6,7,8}. The UAV is assumed
to be right on the top of the center of cell 6, and its altitude is 100 m. We assume that in the

Rician fading channel model (I)), the Rician factor is A = 5, and the LoS component ﬁn follows
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Fig. 3. Maximum achievable DoF versus number of antennas at the UAV.

the linear antenna array model [28]. 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/Hz.

A. Achievable DoF

First, we check the DoF of this setting achieved by our proposed cooperative interference
cancellation strategy as characterized in Theorem [l The maximum achievable DoF for our
proposed scheme is obtained by solving problem (I3)). In the following, we list the optimal
solution to problem (13) for various values of M.

1) M =1, M = 2: Maximum DoF .J = 1 is achievable with A; = {6}.

2) M = 3: Maximum DoF J = 2 is achievable with Ay = {4,6}, A, = {5,7}.

3) M =4, M = 5: Maximum DoF J = 3 is achievable with A; = {5}, Ay = {6}, and

4) M = 6: Maximum DoF J = 4 is achievable with A; = {4,8}, A, = {5}, A3 = {6}, and
Ay = {7}

5) M > 7: Maximum DoF J = min(M, Ny) = 5 is achievable with A; = {4}, A, = {5},
A3 = {6}, Ay = {7}, and A5 = {8}.
Note that the optimal solution to problem (P1) may not be unique. For example, when M =1,
Ay = {5,7} is also an optimal solution.
For comparison, we also evaluate the maximum DoF achieved by the CoMP and ZF-based

cognitive beamforming (or uplink NOMA), as characterized in Propositions|l]and [2}, respectively.
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In Fig. Bl we show the maximum achievable DoF versus the number of antennas at the UAV,
i.e., M, achieved by our proposed scheme and the benchmark schemes. It can be observed that
as compared to the performance upper bound, i.e., CoMP with full cooperation, our proposed
partial cooperative interference cancellation scheme achieves a reasonable DoF with various
values of M. However, our scheme can be easily implemented in practice thanks to the recent
development of Xhaul between adjacent GBSs for information exchange [19], while an ideal
CoMP architecture is still difficult to implement in practice. On the other hand, as compared to
the cases of ZF-based cognitive beamforming without information exchange between adjacent
GBSs and uplink NOMA with local SIC at the occupied GBSs, it is observed that our proposed
scheme achieves significant DoF gain, especially when the number of antennas at the UAV is

small.

B. Sum-Rate Maximization at Finite SNR

Next, we consider the UAV’s achievable sum-rate in the finite SNR regime. Assume that the
UAV has M = 5 antennas. As shown in Fig. 3| the maximum DoF is J = 3 when M = 5.
However, there are several data stream association solutions to achieve the maximum DoF. In the
following, we consider two solutions: all the available GBSs 4 — 8 are utilized, i.e., A} = {4, 7},
Ay = {5,8}, A3 = {6}; and only the available GBSs 5—7 are utilized, i.e., Ay = {5}, Ay = {6},
Az = {7}. It can be observed that under the first solution, we have I',,, = (), Vn; € N, in problem
(I7), and under the second solution, we have I'; = {3}, T'y; = (), I's = {1} in problem (I7).

1) Convergence of Algorithm [Ii

First, we verify the convergence of Algorithm [II The transmit power constraint of UAV
is 23 dBm. Moreover, we merely consider the data stream association solution A; = {4, 7},
Ay = {5,8}, A3 = {6}. Fig. @ shows the sum-rate versus the number of iterations in Algorithm
[l A monotonic convergence is observed from Fig. 4, which verifies Theorem 2l

2) Performance Comparison:

Next, we briefly introduce some benchmark schemes for UAV transmission rate maximization
with interference control to the occupied GBSs, and then demonstrate the effectiveness of the
cooperative interference cancellation strategy in Section [[IIl via performance comparison.

Benchmark Scheme 1: CoMP. Under this benchmark scheme, we consider the case when
all the GBSs are fully connected with each other with backhaul links. Mathematically, such a

scheme results in I'),, = (0, Vn; € N, in problem (I7). In other words, the system reduces to a
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Fig. 4. Convergence of Algorithm [

point-to-point MIMO channel with M transmit antennas and N, receive antennas, the capacity
of which can be achieved by channel singular value decomposition (SVD) based linear precoding
and decoding together with water-filling based power control [16].

Benchmark Scheme 2: Cognitive Beamforming [11]. Under this benchmark scheme, we
consider the cognitive beamforming scheme [[11] to control interference leakage via beamforming
design alone, without utilization of the backhaul links for cooperative interference cancellation.
Mathematically, such a scheme results in I',,, = {1,---,J}, Vn; € Ny, in problem (I7). Since
the DoF in this setting is J = M — N; = 2, we assume that two data streams are sent. Then,
Algorithm [Il can be used to design the beamforming vectors by solving problem with
Lo, ={1,---,J}, Vn; € M.

Fig. |5/ shows the sum-rate achieved by the proposed strategy as well as the benchmark schemes,
with various interference temperature constraints, where the UAV transmit power constraint is
23 dBm. It is observed that under the proposed strategy, utilizing all the available GBSs for
cooperative interference cancellation achieves higher sum-rate when the interference temperature
constraint is stringent, i.e., below —80 dBm, but achieves lower sum-rate when the interference
temperature constraint is not stringent, i.e., above —70 dBm. This is because if the data stream
association solution Ay = {4, 7}, Ay = {5, 8}, A3 = {6} is adopted, the interference temperature
constraint can be eliminated when we design the UAV beamforming vectors, but data streams
1 and 2 need to be multicast to two GBSs (thus, leading to less beamforming gain); while if

the data stream association solution A; = {5}, Ay = {6}, A3 = {7} is adopted, each data
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Fig. 5. Sum-rate versus interference temperature constraint when the transmit power constraint is 23 dBm.

stream is only sent to one close GBS, but the interference temperature constraint needs to be
considered when we design the UAV beamforming vectors since the occupied GBSs 1 and
3 cannot receive all the data streams for interference cancellation via the backhaul links (thus,
resulting in less interference cancellation gain). As a result, the data stream association should be
carefully designed in practice to balance the beamforming gain and interference cancellation gain.
Next, it is observed that CoOMP achieves the maximum sum-rate thanks to the fully cooperative
interference cancellation. However, this scheme requires a massive number of backhaul links to
connect all th GBSs, which is difficult to realize in practice, while our strategy merely requires
the backhaul connections between adjacent cells, which can be realized by the current Xhaul
structure [19]. At last, it is observed that the sum-rate achieved by our proposed strategy is
much higher than that achieved by the cognitive beamforming thanks to that of the cooperative
interference cancellation gain.

Fig.l6lshows the sum-rate achieved by the proposed strategy as well as the benchmark schemes,
with various transmit power constraints, where the interference temperature constraint is —60
dBm. It is observed that at the high SNR regime, the sum-rate performance is consistent with
the DoF performance. Specifically, the DoF achieved by our proposed scheme and Benchmark
Schemes 1 and 2 is 3, 5, and 2, respectively. As a result, the sum-rate achieved by CoMP and
our proposed scheme increases faster with the transmit power as compared to the cognitive

beamforming scheme.
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VIII. CONCLUSION

This paper studied the uplink communication from a multi-antenna UAV to multiple GBSs.
To achieve high data rate while effectively controlling the severe aerial interference to the uplink
terrestrial communications arising from the strong LoS channel between the UAV and GBSs, this
paper proposed a multi-beam UAV communication scheme with a novel cooperative interference
cancellation strategy, which exploits the use of existing backhaul links among adjacent GBSs in
the cellular network. Specifically, the UAV sends multiple data streams to a subset of available
GBSs that are not using the same RB for terrestrial communications, which then forward the
decoded messages to the backhaul-connected occupied GBSs for canceling the UAV’s interfer-
ence before decoding the messages of their associated terrestrial users. The maximum achievable
DoF of the proposed strategy was characterized by optimizing the association between each data
stream and its decoding available GBSs. Based on this data stream association, the sum-rate of
the UAV uplink communication was maximized at finite SNR by a proper beamforming design.
Numerical examples showed that significant DoF and sum-rate gains can be achieved with our
proposed strategy compared to benchmark schemes with no or local interference cancellation.
In future work, we will extend the DoF and/or sum-rate optimization for our proposed scheme
to the cases of multi-antenna GBSs with flexible 3D beamforming and uplink NOMA with both

cooperative and local interference cancellation.
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APPENDIX
A. Proof of Theorem [l]

First, we show that if a solution of Aj’s satisfies conditions (I1d), (I1e), and ({14)), then we

can find J beamforming vectors, w;’s, j = , J, that satisfy conditions (I3b), (I3d), (I3d),
({11d), and (I1e€). For convenience, define HOCC,]- = [ hp, - ,Yng € U] and H,p,j =

[ R, e, Vng € Ui# A, j=1,---,J. According to (I3¢) and (I3d), each beamforming
vector w; should lie in the null space of [H occ j, H aya ;] If holds, then foreach 1 < 5 < J,
we have rank([Hocc,j, Hava,j]) < rank(Hoce,;) + rank(Hoava,;) < [W5] + > [As] < M. In other
words, the null space of [H o j, Hava, ;| exists for each j, ie., we Can#find J beamforming
vectors to satisfy (I3c) and (I3d). Moreover, under the Rician channel model as shown in (1)),
h,’s are linearly independent with each other. Since the ZF beamforming vectors only depend
on H,. ;’s and H,, ;’s but are not related to h,,’s, no € A;, with probability one these ZF
beamforming vectors do not lie in the null space of h,,’s, ny € A, i.e., (m) holds.

Next, we show that if we can find J beamforming vectors, w;’s, j = , J, that satisfy
conditions (I3b), (13c), (13d), (11d), and (I1€), then conditions (I1d), (@, and (14) must
hold. Note that with probability one we have rank([H occ j, Hoava;]) = M if ||+ > |Ai| > M
for some j, since h,’s are linearly independent with each other. In this case, thgé null space
of [Hocc j, Havaj] does not exist for this particular j, and it is impossible to design the ZF
beamforming vector.

Theorem [1l is thus proved.
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