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Abstract: Recently, the non-orthogonal multiple access (NOMA) technique, which transmits multiple users in the
same time-frequency block, has been focused on for future cellular networks. Conventional NOMA-based aerial
cellular networks consider an unmanned aerial vehicle (UAV) as an aerial user, in which secure control information
for UAV is important. In recent days, the deployment of urban air mobility (UAM) has been actively discussed for a
new aerial transport service in an urban area. Since UAM conveys passengers, both the traffic and the control
information for passengers and a vehicle are important. Therefore, this paper considers a NOMA-based aerial cellular
network with a UAM as an aerial user and a ground user as a terrestrial user. And we derive closed-form outage
probabilities of the forward and reverse links of UAM, and the Monet-Carlo simulation verifies the results. Further,
the condition to maintain the balance between the forward and the reverse links for the identical quality of service
(QoS) is derived. Numerical results show that the outage probability of the forward link decreases with the increase of
the received signal-to-noise ratio (SNR). However, we noticed that the outage probability of the reverse link shows
the error floor, which does not decrease with the received SNR and remains constant, caused by the interference from
the ground user (GU). Also, it is shown that there is an average transmit power of UAM to conform the link balance

regardless of strong or weak users.
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1. Introduction

Non-orthogonal multiple access (NOMA) for the
future cellular networks was first proposed by Y.
Saito et. al., which has higher spectral efficiency and
lower latency than conventional orthogonal multiple
access (OMA) [1]. These advantages draw much
attention to applying the 5th generation cellular
networks and beyond, and consequent studies have
been actively reported; performance analysis of
NOMA systems which transmit multiple users
simultaneously [2, 3], optimum power allocation and
power control for maximum capacity [4], cooperative
NOMA system [5, 6], analysis of NOMA Multiple-
input multiple-output (MIMO) system [7, 8], and
application for cognitive NOMA systems [9-11].

Recently, NOMA-based aerial systems are
considered as well as terrestrial NOMA systems. The
outage performance of ground users (GU) with an
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aerial base station (BS) of unmanned aerial vehicle
(UAV) was published [12, 13]. Also, the performance
improvement of GU with UAV relay has been studied
[14, 15]. The maximum achievable rate of UAV with
maintaining quality-of-service (QoS) through control
link is derived [16]. More recently, an adaptive
reinforcement learning approach is applied to
maximize the sum-rate of an NOMA-based UAV
system [17].

Nowadays, the deployment of urban air mobility
(UAM), which transports cargo and passengers in a
city, is actively considered [18]. Most of the
conventional studies of NOMA-based aerial systems
consider a UAV as an aerial user (AU). Generally,
UAVs require highly reliable communication for a
designated control link but a lower data rate.
However, in the case of UAM, control information
for an unmanned vehicle and traffic information for
passengers have to be transferred with the
predetermined QoS. The QoS balance must be kept
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between the forward and reverse links, especially for
the passenger’s voice traffic. For example, when a
significant quality difference between the links exist,
the speaker doesn’t feel comfortable during voice
communication.

Therefore, this study considers a UAM NOMA
cellular system, consisting of a terrestrial BS, a
terrestrial user (GU), and UAM as an aerial user (AU)
in a cell. And we derive the performance of the
forward link and reverse link of UAM in closed-form.
Also, the condition and the average transmit power of
UAM for the link balance are derived. A summary of
the contribution is as follows:

- derive closed-form expressions of the forward and
reverse link outage probabilities of UAM under
strong and weak user conditions.

- derive the probabilities that the UAM becomes the
weak or strong users in closed-form.

- derive the average outage probabilities of forward
and reverse links of UAM

- derive power allocation ratio and average transmit
power of UAM for link balance

The rest of this paper is organized as follows.
Section Il presents a UAM NOMA system and
channel models. The outage probabilities of the
forward and reverse links for UAM are described in
section I11. Also, the power allocation coefficient and
transmit power of UAM to link balance are derived
in section IV. Section V shows the numerical
examples of outage probability and compares the
analytical and the Monte-Carlo simulation results. It
is shown that the results are exactly matched. Finally,
the conclusions of this study are given and future
research subject is addressed in section V.

2. System model

Fig. 1 shows the NOMA-based aerial system
model, which consists of a BS, a GU, and an AU.
Most of the terrestrial cellular systems use the
terminology of a downlink to GU and uplink to BS.

=y o
/ AU ha AU
é\ é hy
o cu BS GU
(@ (b)

Figure. 1 NOMA-based UAM system model: (a) forward
link and (b) reverse link
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However, these terminologies confuse aerial systems.
Here we use forward link and reverse link instead of
downlink and uplink, respectively.

2.1 Channel model

BS-GU link is a terrestrial link of which channel
coefficients denotes h, in Fig. 1. Generally, it is
assumed that several indirect paths exist without a
direct path in a metropolitan city where UAM is
introduced. Hence the channel coefficient h, has
complex Gaussian distribution with unit variance and
zero mean, hy~CN(0,1) . For the notational
convenience denote Hy=|hy|”, then the probability
density function (pdf) of H, can be written by

1

fu,(x) = Q—ge_x/ng 1)

where Q, is the mean-square value of H,, we assume
Qy = 1. Also, the cumulative distribution function
(CDF) is given by

FHg(x) =1—-e7% (2

The channel gain of BS-GU link is denoted

Gy = — 3)

(]
Adg

where A = (4nf,/c)?, f. is the carrier frequency,
and c is the speed of light [16]. And a, is the ground
path-loss exponent with a; = a, + a, where a, and
a, are values based on the line-of-sight (LOS) or
non-line of sight (NLOS) link [12], [15]. d, denotes
the distance between the BS and the GU.

While BS-AU link is an aerial link of which
channel coefficient denotes h, in Fig. 1. Generally, it
is assumed that there exist both indirect and direct
paths in the aerial link. Therefore the pdf of h, is
generally assumed to be Rician pdf. Similarly, denote
H,=|h,4|?, then the pdf of H, can be written by [19]

fu,(x) =
1+K)e ¥ (1+K)x K(1+K)x
. exp [_—ﬂa ]IO (2 o ) 4)

where Q, is the mean-square value of H,. We
assume Q, = 1. K denotes the Rician factor which is
the ratio of the direct path power-to-indirect path
power. When the altitude angle between a BS and
UAM is greater, the LOS power which is a direct path
is stronger and the NLOS power which is an indirect
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path is weaker. The relationship between the Rician
factor and the altitude angle of 6 [rad] is given by
[15-16]

2 Kmax
where K,,;,, and K., are Rician factors for 8 = 0
and 8 = m/2, respectively. And I,(-) denotes the

zeroth-order modified Bessel function of the first
kind [22, 8.445]. The CDF becomes

Fu, () = 1- Q (V2K,{2(1 + K)x) (6)

where Q(a, b) is the Marcum Q function, Q(a, b) =

az xz
fboo xe~ 2 Iy (ax)dx. Similarly, the channel gain of
the BS-AU link is given by [12], [15]

1
Ga = 77 (7)

where «, denotes the aerial path-loss exponent,
ag, =a,(1 —Pyps) +ap where a, and «a, are
constant depending on the path loss coefficient. Py g
is the probability of LOS [20]. d, denotes the
distance between the BS and the AU.

2.2 Forward link

According to the NOMA protocol, BS transmits
the superposed signals with the information to AU
and GU, \/asPpxs + \/ay, Ppx,,. Where P, denotes
the transmit power from BS, and a, and «,, are the
power allocation coefficients to a strong user and a
weak user, respectively, g < a,, with a; + a,, = 1.
x5 and x,, are bipolar messages of a strong user and
a weak user, respectively, with the ensemble average
of E[|xs]|?] = E[|x,,12] = 1. Inthe case of an AU, the
received signal strength from a BS fluctuates with the
height, intensity, and arrangement of the buildings
along the aerial path. In the case of the ensure
information such as control information for the
unmanned flights, we can allocate more power to AU
than GU.

The received signal of AU via the forward link
can be written by

Ya = hq (\/astGsxs + \/awawaw) +ng
(8)

where G, and G,, denote channel gains of the BS-
strong user and BS-weak user, respectively.
n, represents white Gaussian noise with zero mean
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and variance of Ny, ng,~CN(0,Ny). In NOMA
system, the decision of the strong or weak user is
determined by the magnitude of the instantaneous
channel gain. By considering the signal component
from the strong user as noise, the weak user decodes
its information from the received signal. During the
decoding process of the strong user, the component
from the weak user is removed by the successive
interference cancellation (SIC). After SIC, the strong
user decodes. Therefore, the signal-to-interference
plus noise (SINR) of AU through the forward link can
be written by [5]

|hal®awKipq h 2 2
—_— G, < |h,| G
F _ |ha|2asK1pa+1’| al a-= | g| 9

Ya = 2
lhal?asKipa, 1hal?Gy > |hy| G,
9)

where p, denotes the signal-to-noise ratio (SNR) of
AU, p, = P,G,/N,. K; is the power ratio of transmit
power of BS to transmit power of AU, K; = P, /P,.
Notice the performance of the forward link is
influenced by the power allocation coefficient in Eq.

(9).
The capacity of AU in a forward link can be
obtained from Eq. (9)

RE =log(1 + yh). (10)

2.3 Reverse link

Different from the forward link, users in a cell
transmit the signal through independent channels
separately in the reverse link. The transmit signals
from AU and GU are \/Faxa and \/ngg, respectively.
Where P, and P, are transmitting powers and x, and
x4 are information of AU and GU, respectively. We
assume each channel is reciprocal.

The received signal at BS from GU and AU
through the reverse link can be written by

Vb = hayPaGaxq + hg [PyGgxy + 1, (11)

where G, and G4 denote the channel gain of BS-AU
and BS-GU, respectively. n,, is white Gaussian noise
with zero mean and variance of Ny, n,~CN(0, Ny).
The received SINR, y£, at BS from AU is given by

|hal?pa
2
Yi = |hg| pg+1
|hal®Pq,

, Ihal?Gq = |Ry|"G,

Iha|2G, < |hg|*G,
(12)
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where p, denotes received SNR from GU, p, =
P,Gg4/N, . Different from Eg. (9), note that the

performance of the reverse link is affected by the
interference from GU.

Similarly, the capacity of AU via a reverse link
can be written by

RE =log(1 +y}). (13)

3. Outage probability

In this section, we drive the probabilities of a
weak user and a strong user with the given channel
condition and the outage probabilities of UAM in
forward and reverse links. And the conditions for link
balances are addressed.

3.1 Probability of strong/weak user

According to the instantaneous received signal
strength, an UAM can be a strong or weak user. The
probability of a weak user of UAM can be written by

2 Gg
Pr(Ihal?G < |hg|*Gy) = Pr (Ha <H, G_a)
=1-[70Q (\/ZK, 201+ K)z—g;() e~Xdy (14)
s

where Q(a, b) is given by [21]

[o¢]

Q(a,b) = e~®*/2 Z (%)2 <a72>k r (1 +k, b;)

k=0
(15)

and where [22, 8.352.2]
Fl+nx)=nle™™ ?n=0%n?. (16)

@, in Eq. (14) can be arranged by Eqg. (15) and Eq.
(16)

_ -Kvyo 1,k
d; =e Zk:ogK

K
1+ K™ /G ® _ Sg
> (@) f) ey
m=0 ' a 0
@,
(17)
By applying [22, 3.351.3]
fooo x"e Mdx =nlu "1, (18)
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®, can be written by

@, =m!{(1+K)g—z+ 1} (19)

Replacing Eq. (17) and Eq. (19) into Eq. (14), we
have

Pr(1ha|*Gq < |hg|2(;g)
k

=1—e'KZlKkz 1+ K)™aG,
k! m+1°
P Gy(1+K +G,/Gy)

m=0
(20)

Also, the probability of strong user can be obtained
from Eq. (20),

Pr(1ha|*Gq > |hg|*Gy)
=1 - Pr(|ha[?G, < |hg|2(;g). (1)

3.2 Forward link outage probability

An outage happens when the capacity is less than
the predefined threshold rate. The outage probability
of UAM in the forward link can be written by

Por =Pr(RE <R) =Pr(yf <T,) (22)

where R [bit/Hz] is the predefined threshold rate and
the second equality is applied Eq. (15) with the
threshold of T, = 2R — 1. It means that the received
SINR exceeds I,, then the system capacity rate is
higher than R. Hence I, denotes the SINR that
satisfies minimum QoS. Replacing Eqg. (13) into Eq.
(22), we can write

Por=Pr(H, < ¢) =1-Q(V2K,/2(1 + K)¢)

(23)
where
_Ta |h |2G < |h |2G
_ Kipa(aw-Tqas)’ a a—=1"9g 9 2
¢ = Ty 5 2 (24)
akopn |ha|?Gy > |hy|"G,

From Eq. (15) and Eg. (16), Eg. (23) can be
rearranged by
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P, where
co k
1 {(K+Dop}™
=1 — o {K+(K+1)$} __ Kk N IV Ty 2
1-e Z k!K Z m! ' va’ |hal?Ga < |hg|" Gy
k=0 m=0 @ = . (31)

(25)

Since ¢, which is given in Eqg. (24), depends on the
channel condition, Eg. (25) can be decomposed by
2
Por = Pr(Ho < ¢ |Ihal? < ||’ G,)
2
x Pr(Ihal?Gq < |hg|"Gy)
2
+Pr(Hy < ¢ ||ha|26a > |hg|"6Gy) (26)
2
x Pr(lhalzGa > |hy| Gg)
where the first conditional probability is the
probability that UAM is the weak user. By replacing

Eqg. (24) into Eq. (25), the first conditional probability
becomes

Pr(Ha < ¢ |Ihal?Ga < |g|"Gy)
=1

e

{ (K+1)Ty }m

co k
Klpilzz\i/)f?aas)} Z %Kk Z Klpa(a’w_'raa’s)
. m:
(27)

Similarly, the third conditional probability is the
probability that UAM is strong user, we have

Pr(Ho < ¢ |Ihal?Ga > || "G, ) =

(K+1)T' (K+D)rg)™
e_{K+asK1PZ} Z?:o%l(k 27’51:0 {asKﬂ:a} .

(28)

Consequently, the outage probability of UAM in the
forward link can be obtained from Eqg. (20), Eq. (21),
Eq. (27), Eq. (28), and Eq. (26).

3.3 Reverse link outage probability

Similarly, the outage probability of UAM in the
reverse link is determined that the capacity of RE in
Eqg. (13) is less than the threshold. The outage
probability is given by

P,r=Pr(RE<R)=Pr(yf <T,). (29)

From Eq. (13), the outage probability in Eqg. (29)
becomes

P,r =Pr(H, < 9) =1-Q(V2K,\/2(1 + K)9p)
(30)
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Ta(Hgpg+1) 2 2
LD |hg |26y > [y |G,

According to the given condition, ¢ has different
values. Therefore, Eq. (30) can be written by

Pog = Pr(Ha < @ |Ihal?Ga < |hg|"Gy)
x Pr(Iha|?G, < |hg|"6y)
+ Pr(Ho < ¢ |Iha|?Gq > |hg|*Gy )
x Pr (|hal?Gq > |hg|zcg), (32)
where the first conditional probability is the
probability that UAM is the weak user. Replace ¢

and ¢ in Eq. (27), the first conditional probability
becomes

Pr(Ha < ¢|lhal*Ga < |hg|*Gy )

=1
o k ((K+Dr ™
K+1)Tg e
T ) Co)
k! m!
k=0 m=0
(33)

Similarly, the third conditional probability is the
probability that UAM is a strong user, we have

2
Pr(Ha < ¢ |Ihal*Ga > || 6Gy) =
1-[7Q (m \/—2““”:("”9*1)) e~Xdy (34)

W1

where W; denotes an average of the random variable
of H,. Applying Eg. (15) and Eq. (16), ¥; can be
rearranged by

W,

1
o k
1 _(1+K)Tq
=e K'Y —Kke ra
k!

k=0 m=0

©  ((1+K)Tapg 1 m
Y, = f e { Pa +1}X (X + ) dy
0

Tapg
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_ {(1 + K)lapy | 1}""‘1 ox <(1 +K)T,

Pa Pa
b2 ) v
pg)
(36)
The second equality is applied to [22, 3.382.3]
J- (x+B)e *dx
0
= pu V" 1ePET(v + 1,Bu), Re u > 0. (37)

And ¥ in Eq. (36),

1+K 1
Y;=I'im+1, +
Pa Tapg

_ (1+K)rg | 1 1 ((1+K)Tg
= mtexp [~ (5204 ) v 5 (500 +

i)q. (38)

Pg

From Eg. (35), Eq. (36), and Eq. (38), the outage

probability that UAM is a strong user can be obtained.

Consequently, the outage probability of UAM in
the reverse link obtains by putting Eq. (20), Eg. (21),
Eg. (33), and Eqg. (34) into Eq. (32).

3.4 Link balance

The link quality balance between the forward link
and the reverse link of UAM is important to provide
stable voice calls for a passenger. To maintain the
equal QoS between the two links, it is required that
the outage probabilities have to be equal. The

function of Q(\/ZK,,/Z(l + K))() increases with x .

Hence, when ¢ and ¢ have equal values, the outage
probabilities of the forward and reverse links are
identical. From Eq. (24) and Eqg. (31), this condition
in weak AU can be written by
Ty Ty 2
=2 |hy|?G, < |hy|"G, (39)

Ky wpa(aw—Tqas) - Pa
where K; , = P, /Py, , Py is the transmit power of

the AU in the weak user. From Eq. (39), we can
rewrite

2
Pow = Py (ay, — Thay), |ha|2Ga < |hg| Gg- (40)

Similarly, when the AU is a strong user, the link
balance condition is given by
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g _ Ta(Hgpg+1)

2 2
e S, |hal*Ge > |hg| Gy (41)

where K; s = P, /P, 5, Py s is the transmit power of
the AU in the strong user. Since Hy in Eq. (41) is the
random variable, the average transmit power of the
strong AU can be written by

Ps= Pbpgasf xe *dx + Pyag
0

= Pyas(pg + 1), |hal?Gy > |hg|*Gy. (42)

As shown in Eq. (40) and Eq. (42), the transmit power
of the AU for link balance is changing, hence the BS
transmit power to AU transmit power ratio of K ,,, or
K, s are also changing. If Eq. (40) and Eq. (42) are
same, it is the link balance condition irrespective of
weak or strong AU. With that condition, the power
allocation coefficient «,, becomes

aw = as(pg + Ty + 1). (43)
The average transmit power of the AU is given by

Py = Payy Pr (1hal?Ga < |hy|*Gy )
+ Pos Pr(1hal?Go > |hg|°Gy).  (44)

And we can obtain Eq. (44) from Eqg. (40), Eq. (42),
Eqg. (20) and Eqg. (21).

4. Numerical examples

In this section, we discuss the probability of the
strong or weak user of an AU. And the analytical and
simulation results of outage probabilities of AU inthe
forward link and reverse link are compared. The
simulation results are obtained from the Monte-Carlo

T T

Strong User

LA

........... Kpin = 0dB, Ky = 10dB

o
wu
a

Koin = 5dB, Kyqe = 15dB

oss \\ i\ ............................................

04

Probability
o
o

Weak User
| \

0 0.2 04 0.6 0.8 1 12 14 16
Altitude angle [rad]
Figure. 2 Probability of strong/weak user
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simulation with 1 x 108 trials. Also, examples of the
transmit power of the AU to maintain the link balance
are addressed.

The probabilities of weak or strong user versus
altitude angle are shown in Fig. 2. It is noticed that
the increase of the altitude angle causes the increase
of the LOS component, consequently, the probability
of strong user increases.

Fig. 3 shows the outage probability of AU in the
forward link, the sloid line and “*” denote the
analytical and simulation results, respectively. We
noticed that the analytical results coincide with the
simulation results, which shows the analytical outage
probability expressions have been validated. An
increase of Rician K factor incurs the increase of
direct signal power and follows the decrease of the
outage. Also, it is noticed that the consistent decrease
of the outage probability with the increase of SNR.
The outage probability of AU in the reverse link is
shown in Fig. 4, which shows the analytical results
are exactly matched those obtained Monte-Carlo
simulation. Different from the forward link, the
outage probability does not decrease as the increase
of the received SNR in the reverse link. It shows an
error floor that has a flat outage probability above
certain SNR. This is interpreted that the outage
probability is affected by the interference of GU in
the reverse link, however, isn’t in the forward link. In
the case of weak AU, the received signal removes the
interference by SIC. However, the interference
component still exists in the case of strong AU.
Hence the outage probability, which is the average
outage probability of weak and strong AU, is affected
by the interference. Also, it shows the outage
probability decreases as the increase of K, since the
direct signal component increases.

10°

3

S B
10}

E
107 K\ K =01,1,510
5 \
o
S 103 AN
g \ =
10 \ \

10° ™ \K
A =

10
0 5 10 15 20 25 30 35 40
Rx SNR  pq (dB) at UAM from BS

Figure. 3 Forward link outage probability (R = 1, a,, =
0.7,K1=10dB,G,/Gy = 1)
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Figure. 4 Reverse link outage probability (R = 1,K1 =
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Figure. 5 UAM transmission power for link balance (R =
2, K=5,p,=30dB,pg = p, —40dB,G,/G; = 1)

The condition of the link balance of an AU is
shown in Fig. 5, where the curb of P,/P, and
P,.»/ Py, denote the transmit power of strong AU and
weak AU, respectively. The curb of P, /P, denotes
the average transmit power of the AU to maintain the
link balance irrespective of strong or weak AU. In the
case of strong AU, P, /P, decreases with the power
allocation coefficient a,,, consequently, the outage
probability also increases to satisfy the link balance.
In the case of weak AU, it is noticed that P, /P,
curb decreases until a,,, = 0.75, where a,, = [, a, in
Eq. (40), and later increases to satisfy the link balance.
In this figure, the point of “e” denotes the AU to
conform the link balance regardless of strong or weak
user. At the point of «,,=0.804, P,;/P;, P, /Py, and
P, /Py equal -6.66 dB, we confirmed that the outage
probabilities of forward and reverse links in Eq. (26)
and Eg. (32), respectively, are identical to 1.33 X
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10~*. It means that we can afford identical QoS in
forward and reverse links.

5. Conclusions

Deployment of UAM is actively discussed for air
mobility in an urban area to avoid terrestrial traffic.
Different from the conventional UAV, UAM is
carrying cargo and passengers. Especially, the
predetermined QoS must be satisfied for the voice
traffic of passengers in forward and reverse links.
This paper considered the UAM in NOMA cellular
systems. We derived the outage probabilities of the
UAM in forward and reverse links and conformed
through the Monte-Carlo simulation. Also, the
transmit power of UAM for the link balance, the
outage probabilities of forward and reverse links are
identical, was derived.

Numerical results showed that the probability of
a strong user increased with the increase of altitude
angle of UAM. The outage probability decreased
with SNR in the forward link, however, the outage
probability showed an error floor caused by the
interference from a GU in the reverse link. The
derived expressions exactly matched those obtained
from the Monte-Carlo simulation. Also, we
addressed the transmit power of UAM to satisfy the
link balance.

Further research will be focused to find the
minimum transmit power and minimum outage
probability while satisfying the link balance.
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