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Abstract: The non-orthogonal multiple access (NOMA), which is a power domain multiplexing technology, has
received considerable attention for 5G and beyond cellular systems due to its higher spectral efficiency. Coordinated
multipoint (CoMP) transmission has been adapted in NOMA systems to improve the performance of a cell edge user.
Conventional CoMP combines received signals from multiple sources using maximum ratio combining (MRC) in
order to improve the user's signal-to-noise ratio (SNR). While MRC provides the highest diversity gain of any diversity
combining technology, it requires latency for co-phasing and combining the received signals. Recently, urban air
mobility (UAM) has emerged as a viable option for future mobility in metropolitan areas in order to avoid terrestrial
traffic congestion. However, a flight control information of a UAM, especially an unmanned UAM is very sensitive
to latency. Hence MRC is not recommendable for UAM due to the inherent latency. We consider selection combining
(SC) which has less latency rather than MRC as a combining technology in CoMP. This study derives the outage
performance of UAM with selective COMP in closed-form. The analytical results are compared and verified with that
of the Monte Carlo simulation. The outage performances of a UAM in NOMA-NOMA and NOMA-OMA modes are
compared. It is shown that the NOMA-OMA mode has better performance than the NOMA-NOMA mode irrespective
of the given conditions, and has over 3 dB SNR gains under the given conditions. When the performance of UAM in
the NOMA-NOMA mode is not satisfying, it is recommended to switch to the NOMA-OMA mode based on this study.
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1. Introduction

Future cellular mobile systems require fast data
transmission, low latency, and high spectral
efficiency. To satisfy these user requirements, non-
orthogonal multiple access (NOMA) has been
focused on recently [1, 2]. Also, power control for the
near and far users [3], the user or dedicated relay [4,
5], and coordinated multipoint (CoMP) transmission
have been actively studied for the performance
enhancement of NOMA systems [6, 7].

On the other hand, the deployment of urban air
mobility (UAM) is actively considered in
metropolitan areas for avoiding terrestrial traffic
congestions [8]. Since a UAM flying at low altitude
compared to aircraft and at high speed to ground
vehicles, there are high possibilities to be influenced
by the shadow fading caused by the tall and high-
density buildings in city areas. Consequently, the
UAM with CoMP, which receives multiple
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information from multi-cell for better performance,
has been reported [9].

Typically, the CoMP system adapts to maximal
ratio combining (MRC), which increases the signal-
to-interference plus noise ratio (SINR) received [10,
11]. MRC produces a weighted sum of the received
signals that has been co-phased prior to combining.
As a result, MRC consumes processing time,
resulting in delay and increased power consumption.
Due to the high speed of a UAM, low latency is
critical when it comes to flight control information.

A simpler type of spatial combining such as a
selection combining (SC) does not require weighting
and co-phasing. Different from MRC, it selects the
highest SINR among received signals, hence
reducing latency and power consumption [12].
Though SC has less diversity gain, it is suitable for
latency-limited systems such as UAM. The less
diversity gain can be covered by the more
transmitting power from a base station.
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This study considers the outage probability of
UAM with selective CoMP which adapts the
selection combining. Two system modes are
proposed; firstly, a NOMA-NOMA mode which has
NOMA protocol in both cell 1 and cell 2. Secondly,
a NONA-OMA mode which has NOMA protocol for
cell 1 and orthogonal multiple access (OMA)
protocol for cell 2. Each cell has two users, a ground
user (GU) and an air user (AU) of UAM. In the
NOMA-NOMA mode, the transmitting power is
allocated to GU and AU. However, in the NOMA-
OMA mode, the transmitting power of the OMA cell
of cell 2 is allocated only to the AU. We can select
the NOMA-NOMA mode or the NOMA-OMA mode
for the performance improvement of the AU. The
outage performances of both cases are derived in
closed-form and verified to the Monte-Carlo
simulation. The main contribution of this paper is the
analysis of the outage performance of UAM with
selective CoMP for the NOMA-NOMA and NOMA-
OMA modes in closed-form. The results can be
applied to decide the selection of cases for reliable
UAM communication.

The rest of this paper is organized as follows.
Section 1l describes a UAM that incorporates a
selective COMP system model, a channel model, and
a received signal-to-interference plus noise ratio
(SINR). Section Il derives the closed-form outage
probabilities for the UAM with selective CoMP
which considers both two modes, namely, NOMA-
NOMA and NOMA-OMA. In section IV, numerical
examples of the outage probability for the two cases
are presented, along with a comparison of the
analytical and Monte Carlo simulation results.
Finally, section V discusses the study's conclusions
and future research directions.

2. System model

Fig. 1 shows a selective CoMP system model,
which consists of two cells; cell 1 is NOMA cell and
cell 2 is NOMA /OMA cell. There are two users, a
GU and an AU in a cell. In this study, we consider a
UAM as an AU. The AU receives two signals through
the BS1-AU and BS2-AU links, of which channel
coefficients denote g, and g, , respectively. The
wireless environment of an individual link is different,
hence the channels are assumed independent of each
other in this study.

In Fig. 1, h; and h, denote the channel coefficient
of the BS1-GU1 and BS2-GU2 links, respectively.
These terrestrial channel coefficients have complex
Gaussian distribution with zero mean and unit
variance, h; ~CN(0,1) and h,~CN(0,1)
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Cell 1 Cell 2
Figure. 1 Selective CoMP system model

For the notational convenience denote H; = |h4|?
and H, = |h,|?, then the probability density function
(pdf), fy, and the cumulative distribution function
(CDF), Fy can be written by

fu,(x) =e ™, Fy,(x) =1—-e™¥, i €{1,2}. (1)
The channel gain of the BS-GU link is denoted as

G

0 = Ag,dy i €{1,2} )

9i"gi
where A, is the gain constant of the BS1-GU1 and
BS2-GU2 link, it is a function of the carrier frequency
and antenna gain [13]. dg, is the distance between a
BS and a GU, and v, is the ground path-loss
exponent.

While g, and g, is the aerial channel coefficient
of the BS1-AU and BS2-AU links, respectively.
Generally, the received signal through an aerial
channel consists of the direct and indirect signal
components, hence it has Rician distribution.
Similarly, define G, = |g,|? and G, = |g,|*. The
pdf of G, and G, is given by [14]

-K
fG(x) = %e_(1+K)x/QGi IO <2 m) )
L QGi QGi
ie{1,2} )

where (¢, is the average of G;, let G; equals 1. And
the CDF of G, and G, can be written by

Fg,(x) =120 (\/21(,,/2(1 ¥ K)x ) ,ie{1,2}
4)
where K is the Rician factor which is the ratio of the

direct signal power-to-indirect signal power. And
Q(a, b) is the Marcum Q function [15],
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Q(a,b) = e’/ Yk=0 (%)2 (a?z)k r (1 +k, b?z)
©)

where [16]

xm

F'l+nx)=nle ™™ %=°E . (6)

Meanwhile, there is a relation between the Rician
factor K and altitude angle 6 [17],

2 Kmax
K = K,,;,, exp {; In (m 9)} @)
where K,,;, and K, 4, are the Rician factors of 6 =
0 and 8 = m/2 [rad], respectively [18, 19].
The channel gain G, of the BS-AU link is given by

Gai = Aaid—va (8)

a;

where A, is the gain constant of the BS-AU link. d,
denotes the distance between a BS and an AU, and v,
is the aerial path-loss exponent.

Generally, NOMA system multiplexes users in a
cell with different power levels such as for the weak
user which has less channel gain is allocated more
power and vice versa.

The transmitted signal from BS1 is (/Pyas1xs1 +

«/P1Ofw1xw1) where P, is the transmit power from
BS1. And a¢; and «,,, are power allocation
coefficients for the strong user and the weak user,
respectively, with ag; + a,,; = 1. x5, and x,,; are
the information of the strong user and weak user,
respectively. The information has bipolar and square
mean equals one, i.e., E[|x|?] = E[|x,11%] =1,
where E[-] denotes expectation.

When cell 2 operates in NOMA mode, the

transmitted signal from BS2 is (\/Prasxs, +

,/Pzawzxwz) where P, is the transmit power from
BS2. Similarly, ag, and «a,,, are power allocation
coefficients for the strong user and the weak user,
respectively, with ag, + a,,, = 1. x5, and x,,, are
the information of the strong user and weak user,
respectively, with E[|xg,|?] = E[|x,,2]%] = 1.

The received signal of UAM from the BS1-AU
link can be written by

Ya1 = 91+ PlGal( As1Xs1 T awlxwl) +n, (9)

where n, is the white noise of UAM with zero mean
and unit variance of N, ng~CN(0, Ny). Similarly,
the received signal of UAM from the BS2-AU link is
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Ya2,NnoMA =

92+/ PzGaz( As2Xs2 T awzxwz) +n4. (10)

When cell 2 operates in OMA mode, BS2 transmits

P,x, that is AU signal only. x, becomes xy, or
Xw1 When UAM is a strong or weak user of BS1,
respectively. The received signal of UAM from the
BS2-AU link is given by

Yaz,oma = G2y P2GaoXq + 14 . (11)

In a NOMA system, the strong signal is decoded first,
and the weak signal is decoded after removing the
strong interference with successive interference
cancellation (SIC). Therefore, the received SINR of
UAM, y;, from BS1 becomes

P1G1Ga1 w1
Y1 :{ p1G1Gar g1 +1 Gngl > Gary (12)
pP1G1Ga1a51  , GgiHy < GgyGq
where the transmit signal-to-noise ratio (SNR) of p;
defines p; = P;/N,. Similarly, the SINR of UAM
from BS2 of NOMA cell 2, v, yoma 1S

P2G2Ga20w2
= GooHy > Ggr Gy

Vo NOMA = {PszGaz‘lsz‘F1
) ngHz < Gasz

(13)
P2G2Ggr0as;

where p, denotes p, = P, /N, which is the transmit
SNR of BS2.

When BS2 operates in OMA mode, all the
transmission power is allocated to the AU, and no
power is assigned to the GU in cell 2. Then the
received SINR at UAM, y, o4 IS given by

Y2,0ma = P2G2 - (14)

According to the selection combining rules of SC, the
UAM selects the stronger signal between the signals
from BS1 and BS2, and the selected SINR can be
written by

Yai = max{y;,v2; }.i € {NOMA,OMA}. (15)

3. Outage probability

An outage event happens when the received SINR
y, at UAM bellows threshold, then the outage
probability is given by

Py =Pr(y, <I) (16)
where T is the threshold, ' = 2R — 1 where R is the
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spectral efficiency in [bps/Hz]. By applying Eq. (15)
into Eqg. (16), the outage probability of the selective
CoMP system can be written by [10]

Py; = Pr(ys; <T)
=Pr(y; <)X Pr(yzli < F)
= P01 X POZ,i y i € {NOMA, OMA} (17)

where the second equality assumes that the individual
channels are independent of each other. Also P, and
Pyy; define Py =Pr(y; <TI') and
Pr(y,; <T), respectively. Py, noma @nd Pozoma
denote the outage probability of a UAM that cell 2
operates in NOMA mode or OMA mode,
respectively.

P02,i =

3.1 Outage probability of NOMA-NOMA mode

When both cells operate in NOMA mode, the
NOMA-NOMA mode, the outage probability of Py,
in Eq. (17) is

P01 =
Pr(Gy < &|GyiHy > Go1G1)Pr(GyyHy > GayGy)
+

Pr(Gy < &|Gy1Hy < Gg1G1)Pr(GyHy < Gg1Gy),

Ayy > 1—‘asl (18)

where §; and §; are & =T/p1Gaq(aws —Tag)
and &, = I'/p,G4q 041, respectively. By applying Eq.
(4) into Eq. (18), the first probability in Eq. (18) can
be written by

Pr(Gy < &|GyiHy > GgyGy)

=1-0 (V2K 2(1 + K)El)

=1 — e~ K+1+E} oo @a+Km

m!

"
(19)

k=0T Zm 0

where the second equality is obtained from Eqg. (5).
Similarly, the third probability in Eq. (18) becomes

PT(G]_ < €2|Gng1 < GalGl)

=1-Q(V2K,\2(1 + K)fz)

=1 — e K+(1+K)G} oo Zm 0(1+K) &,
=0 p m!
(20)

The second probability in Eq. (18) is

G
Pr(GgiHy > GgyGy) = Pr (G1 <H, GL‘)
al
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=1-f,0 (Jﬁ 21+ K)%x) e *dx. (21)

Replacing Eq. (21) with Eg. (5), the probability of Eq.
(21) can be rearranged by [16, 20]

Pr(GgHy > G 101)

_ (1+K)™ Ga1/G,
= 1- ek yp, Ky O Calb) o)

(14+K+Gq1/Gg1)

The fourth probability in Eq. (18) is given by
Pr(GgiHy < Gg1Gy) =1 — Pr(GyeHy > Gg1Gy)
(23)

Similar to Eq. (18), the probability of Py, yona in EQ.
(17) with NOMA mode can be obtained by

POZ,NOMA =
Pr(Gy < &3|GgaHy > GaaGy)Pr(GyaHy > GgyGy)
+
Pr(Gy < &4|GyaHy < GgaGy)Pr(GyaHy < GgyGy),
Ayo > Tag (24)

where &3 =T/pyGaa(ay, —Tag;) and &, =T/
p2G420,. In the same manner of Eq. (19), the first
probability of Eq. (24) can be written by

Pr(G, < &|GgoH, > Gasz)

= 1 — e~ K+A+KE} yioo a+rm

m!

§3
(25)

k=0 k! Zm 0

The third probability of Eq. (24) can be obtained from
Eqg. (20) similarly,

Pr(G, < &G g2t < GaZGZ)

= 1 — e~ KHAHRIE} yioo a+om

m!

$a
(26)

k=0 k! Zm 0

Also, the second probability of Eq. (24) derived from
Eqg. (22),

Pr(GgH, > G 2G2)

_ (1+K)™(Ga2/G
=1-—e KZk_ ok,Zmo ( 2/%221- (27)

(14K+Gga2/Gg2)

The fourth probability of Eq. (24) was also obtained
from Eq. (27),

PT(ngHZ S Gasz) = 1 - PT(ngHz > Gasz) .
(28)
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3.2 Outage probability of NOMA-OMA mode

When cell 1 operates in NOMA mode and cell 2
operates in OMA mode, the NOMA-OMA mode, the
second outage probability of Py, opa, in Eq. (17)
becomes

Pozoma = Pr(VZ,OMA < F) = Pr(G; < $oma)
(29)

where the second equality is obtained from Eq. (14)
and &opa = T'/p,G4o. By replacing &5 of Eq. (25)
With €oma . Pozoma Can be obtained. Hence, the
outage probability of UAM in the NOMA-OMA
mode can be written by

Po,oma = Po1 X Poz0ma (30)
where Py, is given in Eq. (18).

4. Numerical examples

In this section, the outage probabilities of UAM in
NOMA-NOMA CoMP and the NOMA-OMA CoMP
modes are analyzed. And the analytical results are
compared with that of the simulation. For the
numerical examples, we assumed Ggq = Ggp = Gg1=
Gg2=1, ay,=a,,,=0.8 in the NOMA-NOMA mode.
In the NOMA-OMA mode, there is no transmit
power to GU2, hence, we assumed G = Ggz = Gg1=
1, a,, = 0.8. Monte-Carlo simulation results are
obtained through 1 x 107 trials.

Fig. 2 shows the outage probability of UAM as a
function of SINR where “*” indicates simulation
results. The solid line and the partial line show the
NOMA-NOMA mode and NOMA-OMA mode,
respectively. It shows that the analysis and simulation
results are matched well, which means the analysis is
exact.

For comparison, the no CoMP mode is also shown.
In the no CoMP mode, UAM only receives from the
BS 1, hence it shows poorer performance than CoMP
modes. The required SNR to maintain the outage
probability of 1 x 1073 is 34 dB, 28.5 dB, and 18.9
dB for K =1, K =3, and K = 7, respectively, in
the no CoMP mode. However, that is 19 dB, 15.1 dB,
and 11.9 dB in the NOMA-NOMA mode. Less power
is required which means SNR gains can be obtained.

As the Rician factor increases, the power of the
direct path increases, hence, the outage probability
decreases. It is noticed that the SNR gain, which
maintains the identical outage probability, does not
proportional to the increase of the Rician factor.
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Figure. 2 Outage probability of UAM with different Rician
factors (R = 1,p; = p, = p)

When the Rician factor is given in Fig. 2, the
transmit SNR of the NOMA-OMA mode to hold the
outage probability of 1 x 1073 is less than about 3
dB compared to the NOMA-NOMA mode. It is
interpreted that the NOMA-OMA mode always has
better performance than the NOMA-NOMA mode. In
the case of the NOMA-NOMA mode, the transmit
power of BS2 is divided into the GU2 and AU.
However, the transmit power of the BS2 is allocated
to the AU only in the NOMA-OMA mode.

The outage probability becomes 7.8 x 103 and
2.9 x 10™* in the NOMA-NOMA and NOMA-OMA
mode, respectively, when Rician factor, K = 7, and
SNR = 10 dB in Fig. 2. It also shows the NOMA-
OMA mode has better performance than the NOMA-
NOMA mode.

In a NOMA system, the performance depends on
the power allocation to users. Fig. 3 shows the
performance of UAM is subject to power allocation.
It shows that the minimum outage probability holds
around the power allocation coefficient of 0.7 to the
weak user in cell 1, which operates in the NOMA
protocol. Similar to the trend of Fig. 2, it shows the
outage probability decreases as the increase of Rician
factor. In the same manner, the NOMA-OMA mode
has a better performance than the NOMA-NOMA
mode.

The effect of the elevation angle on the outage
probability of UAM is shown in Fig. 4. The analytical
results agree well with that of the simulation.
According to the rise of the elevation angle, the
Rician factor increases, and eventually, the outage
probability decreases.
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5. Conclusions

This paper considered the outage probability of a
UAM with selective CoMP. Since a UAM travels
with high speed than a terrestrial automobile, it is
more susceptible to severe shadowing caused by the
urban propagation environment. It was assumed that
a UAM is located at the cell edge and enhanced
performance using CoMP technology. In addition,
the selective CoOMP system was adapted in particular
for low latency and fast processing. We have
proposed two modes, the NOMA-NOMA and
NOMA-OMA modes which adapt CoMP. And the
outage probability of a UAM with the NOMA-
NOMA mode and the NOMA-OMA mode has been
derived in closed-form. The analytical results were
verified through Monte Carlo simulation with
1 x 107 trials.

As we expected, the NOMA-OMA mode obtained
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better performance than the NOMA-NOMA mode,
i.e., over 3 dB SNR gain at the given conditions.
When the power allocation coefficient of 0.7 for the
weak user in cell 1, the best performance is obtained
irrespective of the NOMA-NOMA or NOMA-OMA
modes. Also, the outage performance decreased with
the increase of the elevation angle. We have noticed
that the proposed two modes always have better
performance than no CoMP mode.

From the obtained results, the NOMA-OMA mode
had better performance than the NOMA-NOMA
mode. However, it is generally accepted that the
spectral efficiency of OMA is smaller than that of
NOMA.

Therefore, we can conclude that though the
NOMA-OMA mode has less spectral efficiency, it
can provide more reliable communication for UAM
than the OMA-NOMA mode. Further study will be
focused on the latency and the performance
enhancement of UAM.
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