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Abstract—Mobile users may experience frequent service out-
ages or poor quality of service in rural areas due to the scarcity
of base stations in the proximity. Therefore, a cost effective and
flexible solution is introduced in this paper with unmanned aerial
vehicles (UAVs) and terrestrial base stations (TBSs), coexisting
under a stochastic network with the combination of millimeter
waves and non-orthogonal access (NOMA) techniques. This is
achieved by deploying both the UAVs (millimeter wave frequen-
cies) and TBSs (sub-6 GHz frequencies) in the same system, and
selecting the transmitter based on a user association scheme.
The maximum signal-to-interference-plus-noise ratio (SINR) and
the closest transmitter user association schemes are compared
using extensive simulations to identify the most suitable scheme
in terms of the outage probability and the achievable downlink
rate. The results show that the closest transmitter user association
policy results in lower outage probability and higher downlink
rates for UAV-assisted millimeter wave NOMA Networks.

Index Terms—Millimeter Waves, non-orthogonal multiple ac-
cess, user association schemes, unmanned aerial vehicles.

I. INTRODUCTION

Isolated and underdeveloped areas with lower population

density, places of interest such as tourist attractions, frequently

suffer from poor cellular connectivity. This is because deploy-

ing many terrestrial base stations (TBSs) is not cost-effective

for service providers due to the low user densities. Moreover,

particularly in places of historical interest, it may not be

possible to erect a permanent base station.

One solution to this issue is to establish air to ground com-

munications using aerial base stations with unmanned aerial

vehicles (UAVs), since they can result in higher likelihood

of line-of-sight (LOS) propagation [1]. Other advantages of

UAV base stations include lower construction costs, flexibility

and the ability to increase network capacity rapidly based on

demand, lower transmit powers, and the ability to provide

a better quality of service (QoS) to the users. However,

the network management becomes complex compared to a

conventional TBS network.

Millimeter wave (mmWave) frequencies are considered

for wireless communication due to the spectral availability,

smaller antenna dimensions, high directivity, lower interfer-

ence, and the ability to be effectively incorporate in multiple-

input multiple-output (MIMO) systems. However, mmWave

systems suffer from higher path loss and the susceptibility to

atmospheric effects, and blockages from objects. Therefore,

for effective use of mmWave requires choosing a suitable

transmission frequency to avoid certain atmospheric condi-

tions, optimum UAV altitude for proper coverage, and shorter

link distances, and a higher number of UAVs in action to

ensure LOS links[2], [3], [4].

Another promising technology proposed for increasing

spectral efficiency is non-orthogonal multiple access (NOMA),

which enables multiple users to use the resources such as

time and frequencies simultaneously [5]. The power domain

version of NOMA pairs users and allocates different power

levels to users within each pair. However, perfect successive

interference cancellation (SIC) is necessary to avoid interfer-

ence between the users in a pair. Imperfect SIC reduces the

coverage probability as a result of reduced received signal to

interference and noise ratio (SINR) [6]. As UAVs are energy

constrained devices, the usage of NOMA is an attractive

solution to improve the user capacity, using the same power

budget [7], [8].

In this paper, we introduce a hybrid system which uses

millimeter waves based UAV communications and sub 6 GHz

TBSs. User equipment are associated with UAVs or TBSs

based on the maximum SINR criteria or the closest transmitter-

user distances. The users are then served using NOMA.

There have been several research works on NOMA, mil-

limeter wave, and UAV based communications. In [9], the au-

thors show that a UAV does not always experience favourable

propagation conditions as its altitude increases. This is because

even though there is a high received signal power at the

UAV, the increased vulnerability to interference negates the

gain. Also, atmospheric effects become intense as the links

become longer or the altitude increases[2]. Therefore, the UAV

altitude must be optimized for reduced outage probabilities.

The elevation angle’s effect was considered negligible since

there is a higher probability of LOS communication with

directional antennas and alignment between users and UAVs

[1]. This is unlike [9] which uses omni-directional antennas

where the antenna pattern is dependent on elevation angle and

therefore has a significant impact on the calculations.

The authors of [10] have presented NOMA under millimeter978-1-6654-8786-3/22/$31.00 ©2022 IEEE



wave communications as an access method in increasing sys-

tem capacity compared to orthogonal multiple access (OMA).

Also, they have suggested that both access methods OMA

and NOMA should exist in a hybrid approach due to some

users not being ideal candidates for NOMA transmissions.

However, aerial communications are not considered. The work

in [11] proposed a stochastic model that considers a millimeter

wave NOMA system in a multi-cell network with Poisson

cluster processes (PCPs) to model TBSs and users. The

TBSs have been considered as parent processes distributed

as homogeneous Poisson point process (HPPP), whereas the

users are distributed as a daughter process clustered around

the TBSs. However, this system is also limited to terrestrial

communications. In [9], the authors have studied the feasibility

of deploying an aerial user (modeled with a UAV) with the

existing long term evolution (LTE) infrastructure. However, it

has not introduced millimeter waves nor NOMA in the system.

Furthermore, [6] considered NOMA for UAV-assisted cellular

communications. The authors have suggested SIC coefficient

manipulations for system coverage probability improvements

and derived analytical expressions for interference and cover-

age probability to study NOMA performance for UAVs.

To the best of authors’ knowledge, no work to this date

has analysed a hybrid sub-6GHz terrestrial and a UAV-based

millimeter wave NOMA network, using stochastic geometry.

We propose a hybrid network consisting of coexisting UAVs

and TBSs, modeled as 2-D HPPPs. A two-user NOMA system

is considered with both millimeter waves as well as sub-

6GHz frequencies. A rectangular Boolean model is considered

as the blockage model to represent the obstructions on the

land. The small scale fading was modeled using Nakagami-m

fading for LOS and Rayleigh fading for NLOS in millimeter

waves whereas sub-6GHz channels were modeled exclusively

using Rayleigh fading. The users are served using a UAV or

a TBS, associated based on two association policies, namely,

the closest transmitter, and the maximum SINR transmitter.

The contributions of this paper are

• proposing a hybrid network where UAVs and TBSs

serve users using mmWave frequencies and sub 6 GHz

spectrum,

• evaluating the outage probability and the average achiev-

able rate of two user association schemes, and

• comparing NOMA and OMA schemes to identify the

most suitable settings for the hybrid network.

The remainder of this paper is organised as follows. Section II

describe the system model, and Section III presents operation

of the hybrid system. The analysis of the user association

schemes is presented in Section IV. Section V presents the

numerical results and discussion, while Section VI, concludes

the paper.

II. SYSTEM MODEL

We consider a remote area, where establishing TBSs in

the proximity is infeasible due to financial, cultural, or ge-

ographical constraints. The UAVs are deployed as aerial BSs

to enhance the service quality in the area.

The UAVs are placed at two fixed altitudes to cater different

user clusters. The TBSs are assumed to be operating in the

sub-6GHz band, while the high probability of establishing

LoS with the users makes mmWave frequencies a suitable

candidate to be used in UAV assisted links. To achieve

higher spectral efficiency, the users are served using a NOMA

scheme.

The spatial distributions of the users, UAVs, and TBSs,

are modeled using Poisson point processes (PPPs) and its

variants such as the Matern cluster process, which are effective

in modeling random, uniform and independent points on a

defined area. The probability of having n nodes within an

area of A under the HPPP model is given by

Pr[N (A) = n] =
(λtA)

ne−λtA

n!
, (1)

where λt is the intensity of the transmitters, with t ∈
{UAV,BS}

The users are assumed to be distributed as clusters at two al-

titudes in the considered area. This is a common occurrence in

tourist attraction sites, where the users are mainly concentrated

around the main exhibits. Therefore, we use a Matern cluster

processes as the parent processes to model the locations of the

cluster heads, and the users are distributed around the clusters

as a daughter processes. The TBSs are distributed as a HPPP

φBS with intensity λBS , and the UAVs are located at one fixed

height above the user clusters, and distributed according to a

HPPP φUAV with density λUAV . The UAV density is higher

than the TBS density (λUAV >λBS).

The mmWave link between the users and the UAVs is

considered LOS and NLOS based on the LOS probability

taken according to the rectangular Boolean model. Small-scale

fading in all links are assumed to be independent. The channel

power gain of a mmWave link between a user and a UAV can

be given as

|B|2i =
|H|2iqriq

−αiq

C
, (2)

where i ∈ {User1, User2} cases, q ∈ {LOS,NLOS} cases

|H|2 is the channel power gain, r is the UAV to user link

distance, α is the path loss exponent, where for LOS links

αiLOS
= 2.5 and for NLOS links αiNLOS

= 5, and C is the

path loss intercept. The small-scale fading of mmWave links

are modeled using the Nakagami-m distribution, where the

fading power is gamma distributed with probability density

function

f|Hq|2(x)=
m

mq
q

Γ(mq)
xmq−1e−mqx, 0 ≤ x < ∞, 0.5 < mq < ∞,

(3)

where |Hq|2 is the channel power gain of which q ∈
{LOS,NLOS} cases, mq is fading parameter and Γ(mq) is

the gamma function.

It is worth noting that the path loss exponent for the links

between TBSs to the user is αBS = 3. Rayleigh distribution

is used to model the sub-6GHz channels between the BSs

and the users. The BSs are assumed to be equipped with



omni-directional antennas. However, directional antennas are

used for mmWave links. Therefore, the antenna gains related

to each link depends on its alignment related to antenna

boresight. We only consider single antenna UAVs and users

to reduce complexity. The gain for a directional antenna can

be calculated as

GA =

{

GMt
, |θ| ≤ |ω|

2 ,

Gst , otherwise.
(4)

where A implies the antenna, GMt
and Gst denote the main

lobe gain and the side lobe gain, θ is the angle off boresight,

whereas ω is the antenna beamwidth [12]. The antenna gain

at the user is taken as unity.

It is crucial to consider the effect of blockages when

we are using mmWave spectrum. We model the blockages

from random obstacles as a rectangular Boolean scheme,

with parameters for sizes and density suitable for stationary

obstacles. Accordingly, the LOS probability of a link of length

r would be, exp(−βr) with β = 2λb(E[W ]+E[L])
π

. Where λb is

the obstacle density, and W and L are the width and length

of random blockages, respectively. Thus the LOS probability

decreases as the link length increases.[12], [13]

TBS 1

TBS 3

TBS 2

UAV 2

UAV 1

User Cluster 1

User Cluster 2
User Cluster 3

UAV 3

Fig. 1. Plan view illustration of the system with UAVs, terrestrial BSs and
user clusters located according to homogeneous PPPs.

NOMA is used to improve the user capacity of the network

by serving two users simultaneously. The associated users are

paired randomly to be served using NOMA. Out of the paired

users, the one with the strongest channel is assumed to be

the closest located user to the transmitter, and thus allocated

a smaller power coefficient a < 0.5, whereas the other user is

allocated with the higher power coefficient.

III. METHODOLOGY

Initially, we assume that channel state information (CSI) is

known at both the user and transmitter sides for simplicity.

Then, user to transmitter gaps are calculated for each user to

transmitter link. A rectangular blockage model is employed to

find the LOS probability of each link. Channel power gains

are calculated according to these probability values. Millimeter

wave links with LOS propagation are modeled as Nakagami-

m channels when the probability of LOS was above 0.5.

But, NLOS channels are modeled as Rayleigh channels for

the probabilities below 0.5. Sub-6GHz links are modeled as

Nakagami-m channels. The gain at the user is assumed to

be 1. And TBSs are allocated the main lobe gain value all

the time. The gains at the UAVs are taken probabilistically in

accordance with the boresight as below.

G = GMUAV

θ

2π
+GsUAV

(2π − θ)

2π
, (5)

where θ is the angle off boresight and GMUAV
and GsUAV

are

the main lobes and side lobes of the UAV antenna. Afterwards,

based on the above values, SINR values at each transmitter are

calculated.

Next, a user association policy is selected for the system

among maximum SINR or closest transmitter association

schemes. Then, the transmitters are sorted in an ascending

order of smallest transmitter to user gaps or descending order

of maximum SINR according to the relevant user association

schemes. The first transmitter in the sorted set is selected. Sub-

sequently, the capacity availability of the selected transmitter is

checked. If the capacity is reached, the next transmitter in line

is selected until an available transmitter is encountered. If none

of the transmitters are capable of accommodating the user, it

is considered as an outage. For NOMA, the associated users

are paired randomly, and the closest user to the transmitter is

referred to as user 1, whereas the other user is termed user 2.

The closest user is allocated a lower power coefficient while

the other user gets a higher power. Then, the total interference

from co-channel transmitters and SINR values at each NOMA

user are calculated. A threshold value of 1 (i.e., 0 dB) is

considered to compare with the SINR values.

IV. USER ASSOCIATION SCHEMES

In this section, we propose two user association schemes to

connect the users to the network, namely, the maximum SINR

based association, and the closest transmitter association [14].

Due to the placement of transmitters, the mmWave links and

the higher SINR values, the UAVs always get the priority over

TBS when connecting with the users for transmission. We then

compare within the two association policies in terms of outage

probabilities and the achievable downlink rates using extensive

simulations.

• Maximum SINR association This association policy was

used to decide on which transmitter gives the highest

SINR value with the user in transmission but subject

to available user capacity. In case of reaching capacity

limits, the next highest SINR transmitter is given the

chance.

• Closest UAV transmitter association The above men-

tioned finds the closest distanced transmitters from the



user and lines them up in an ascending order to select

the initial transmitter under the condition of available

capacity of the transmitter. In order to find the closest

transmitter, the direct distance from the user to each trans-

mitter is calculated by considering all the Cartesian axis

parameters of both. Then the minimum distance under

capacity availability is selected such that mink ||uj − tk||
where, uj stands for user’s location and tk is for transmit-

ters’ location. If rj is the uj to the associated transmitter

distance, then the distribution it follows is as below.

frj (r) = 2πλtre
−πλtr

2

, 0 < r < ∞, (6)

where t ∈ {UAV,BS}.Then the SINR value of the user

closest to the transmitter is selected.

TBS

Frequency

Selected UAV for transmission

Ground level

User 2

User 1

r2d

r1

User 1

User 2P
o
w

er

Fig. 2. The closest user to the transmitter r1 < r2 of the randomly selected
NOMA user pair is user 1 and the furthest is user 2. d is the height of the
selected UAV from the ground level.

A. SINR calculation

The received signals RU1 and RU2 at user 1 and user 2 can

be respectively given as

RU1 = (P1|S|
2
1 + P2|S|

2
2)
|H|21Gr1

−α1

C
+ IU1 + σ2

n, (7)

RU2 = (P1|S|
2
1 + P2|S|

2
2)
|H|22Gr2

−α2

C
+ IU2 + σ2

n, (8)

where P1 and P2 are the transmitted powers of NOMA users

where the user 1 gets a lower allocation and user 2 gets a

higher allocation. The channel gain represented by Hi includes

small scale channel characteristics where |H|21 > |H|22 is

assumed [15] based on channel strength. The LOS incident

was modeled by Nakagami-m distribution whereas NLOS

was modeled by Rayleigh distribution. The gain value was

determined probabilistically based on the angle off boresight.

r1 and r2 are the selected transmitter to the user distances . The

path loss exponents α1 and α2 are the values depending on the

LOS or NLOS condition of that particular link. C is the path

loss intercept which is dependent on frequency and reference

distance. IU1 and IU2 are relevant inter-cell inferences from

co-channel transmitters faced by each user. σ2
n is the Gaussian

noise variance.
The total inter-cell interference at Useri where i ∈

{User1, User2} can be found as

IUi = IUiL + IUiN , (9)

where

IUiL =
∑

wLǫφUAVL

P
|H|2wL

GsUAV
rwL

−αL

C
, (10)

and

IUiN =
∑

wN ǫφUAVN

P
|H|2wN

GsUAV
rwN

−αN

C
. (11)

where φUAVL
and φUAVN

are two independent interfer-

ing UAV sections based on the link’s LOS or NLOS

conditions[16], L and N stands for LOS and NLOS condi-

tions, GsUAV is the UAV side lobe gain, and P is the transmit

power per user. It is calculated by dividing the full transmit

power by the user capacity of a UAV. The path loss exponents

are denoted with α, and the distances from interfering UAVs

to the user is marked with r.
The SINRs at the two users under perfect SIC are expressed

as below.

ζU1 =
P1|H|2

1
Gr1

−α1

C

I1 + σ2
n

,

ζU2 =
P2|H|2

2
Gr2

−α2

C

P1|H|2
2
Gr

−

2

α2

C
+ I2 + σ2

n

. (12)

The outage of the users are calculated by comparing the

SINR ζUi at the users with the threshold SINR value, ζT such

that P i
O = Pr[ζi < ζT ], where i ∈ (User1, User2).

The outage probability at the user 1 is given as

PO1 = Pr

[

P1|H|2
1
Gr1

−α1

C

I1 + σ2
n

< ζT

]

= Pr

[

P1|B|21G

I1 + σ2
n

< ζT

]

= EI1

[

F|B|2
1

(

ζT
(

I1 + σ2
n

)

GP1

)]

,

(13)

where |B|21 is the combined channel gain, |B|21 =
|H|2

1
r1

−α1

C
.

The outage probability at the user 2 is expressed as

PO2 = Pr





P2|H|2
2
Gr2

−α2

C

P1|H|2
2
Gr

−

2

α2

C
+ I2 + σ2

n

< ζT





= Pr

[

P2|B|22G

P1|B|22G+ I2 + σ2
n

< ζT

]

= EI2

[

F|B|2
2

(

ζT
(

I2 + σ2
n

)

G (P2 − ζTP1)

)]

,

(14)



where |B|22 =
|H|2

2
r2

−α2

C
. It is clear that when ζT > P2

P1

, we

have PO2 = 1.

B. Downlink Rate calculation

The next major step in getting a better understanding of

the system is to calculate the achievable downlink rates. We

assume a unit bandwidth. The downlink rate V of a user in

bits/s/Hz can be calculated as.

V = log2(1 + ζ), (15)

where ζ is the SINR at the user.

V. NUMERICAL RESULTS AND DISCUSSION

This section presents the outage probability and achievable

rate performance of the proposed users association schemes

with NOMA. The results are compared with the corresponding

OMA scheme as well. With OMA, it is considered that a single

user having allocated full power.

The carrier frequency for UAV links is taken as 28GHz,

whereas TBSs use 1800MHz. Unit bandwidth is considered.

The Gaussian noise power of is set to -173.83 dBm (temper-

ature 300K). Path loss intercept is calculated for a reference

distance of 1m. Moreover, the path loss exponents of 2.5 and

5 are considered for the LOS and NLOS cases of UAVs, while

a path loss exponent of 3 is used for TBS links. The mmWave

channels between the UAVs and the users are modeled as

Rayleigh for NLOS channels, and Nakagami-m with m = 3 for

LOS channels. The TBS channels are modeled as Nakagami-

m channels with m = 3. The gains at the users were taken as

unity, whilst the gains at the UAVs were taken probabilistically.

The angle of boresight is set to 10 degrees. Transmit powers of

UAVs and TBSs are 5W and 50W, respectively. The capacity

of a UAV is 10 users per device, while the a TBS can serve

30 users per tower.

Fig. 3 presents the achievable downlink rates with the pro-

posed user association policies. When comparing the behavior

of OMA and NOMA graphs, it can be observed that sum

rates of NOMA outperforms OMA. With NOMA, user 2

achieves better downlink rates than user 1, due to the higher

power allocation for user 2. It is interesting to see that the

downlink rates first increase with the UAV intensity, and starts

to decrease when the UAV intensity is further increased. The

improvement occurs since more users are getting the oppor-

tunity to be served by UAVs as the UAV intensity increases.

However, when the UAVs become more densely deployed, the

total interference among the UAVs increases,resulting in lower

SINRs for users. When compared within the two association

policies, the closest transmitter gap achieves comparatively

higher downlink rates throughout.

The outage probability performance of the proposed

schemes are shown in Fig. 4. It can be observed that the

outage values start decreasing as the UAV density increase.

The reason for this behavior can be users developing a

stronger signal connection due to having a greater number of

transmitters. That is when there is a higher UAV spread, users

can achieve better channel conditions due to shorter signal

traverse distances hence lower path losses and blockages. Also,

a higher number of users can be catered, leading to a lower

outage probability.

It can be seen that OMA achieves lower outage probability

compared to NOMA. This occurs since in OMA, the users

are served with full transmit power, whereas NOMA users

get a fraction of the total transmit power, leading to lower

signal strength. Also, the NOMA pairs suffer from inter-user

interference, and hence lower SINR that may lead to higher

outage probabilities.
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Fig. 3. UAV densities vs. downlink rates comparison of the two proposed
association schemes under both NOMA and OMA.
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0dB for the two proposed association schemes under both NOMA and OMA
access methods

The outage probabilities with OMA increases when the

UAV density increased. This occurs because the interference

spike as a large number of UAVs transmitting at full power.

When comparing the closest transmitter and maximum SINR

association policies, it is observed that with OMA, the maxi-

mum SINR association policy shows lower outage probability,

compared to the closest transmitter association. However,
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with NOMA, closest transmitter association outperforms the

maximum SINR association.The reason that maximum SINR

based association performs better with OMA is that the SINR

for association is calculated without considering the inter-

user interference found in NOMA. Therefore, the actual SINR

experienced with NOMA can be different from the SINR

considered in the user association stage.

Fig.5 shows the achievable rate behaviour with the power

allocation coefficient in NOMA. In the beginning, when the

power allocations for both the NOMA users is the same,

user 1 has better downlink rates compared to user 2. This is

because user 1 being the closest to the transmitter, experiences

a stronger channel. As the user 2’s power coefficient gets

higher, user 1’s downlink rate decreases. It is clear that proper

power allocation is crucial to achieve satisfactory downlink

rates for both users. When comparing the two association

policies, it is observed the the closest transmitter scheme

performs comparatively better than maximum SINR scheme.

VI. CONCLUSION

This paper presented a scheme for the coexistence of

UAVs and terrestrial BSs to form an improved communication

system, that can be deployed in areas that might have poor

cellular connections. The usage of millimeter waves in UAVs,

and sub-6 GHz frequencies in BSs under NOMA schemes

were proposed for the hybrid network. Two association poli-

cies, namely the maximum SINR and the closest transmitter

association was proposed. The two association policies were

compared in terms of the outage probability and the achievable

downlink rate performance. The closest transmitter gap asso-

ciation policy proved to be better out of the two association

policies with NOMA, while the maximum SINR association

is preferred with OMA. In conclusion, a hybrid UAV and

terrestrial BSs system with a millimeter wave NOMA network

can be used under closest association scheme for an improved

user experience with comparatively higher data rates, lower

outages, and increased user capacities. This system can also

be introduced as a low cost solution for on demand deployment

in areas with lower user densities, in places with higher user

densities where deploying terrestrial BSs is challenging or not

allowed due to cultural factors.
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