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Abstract—To address spectrum scarcity in unmanned aerial
vehicle (UAV) communications, non-orthogonal multiple access
(NOMA) aided multi-UAV communications in full-duplex (FD)
heterogeneous networks (HetNets) is investigated in this paper.
Specifically, an ergodic capacity analysis of NOMA -aided multi-
UAV communications in FD-HetNets is conducted through a
moment generating function (MGF) approach within a stochastic
geometry framework. By employing the MGF approach to
evaluate ergodic capacity, exact expressions that are simpler
to evaluate are obtained. When compared against half-duplex
HetNets, i.e., HD-HetNets, FD-HetNets with effective interference
management enable higher ergodic capacity to be obtained by
the macro base station and UAVs. Furthermore, we show that
it is possible for NOMA-aided multi-UAV communications in
FD-HetNets to achieve higher ergodic sum capacity and ergodic
capacity gains than HD-HetNets while supporting more UAVs
at low altitude due to a stronger desired signal. Even with
lower levels of self-interference (SI) suppression and strong
phase noise, NOMA-aided multi-UAV communications in FD-
HetNets is still able to achieve higher ergodic sum capacity
over HD-HetNets. Therefore, the attractiveness of NOMA -aided
multi-UAV communications in FD-HetNets is highlighted as a
promising solution towards improving spectrum utilization in
UAV communications.

Index Terms—Unmanned Aerial Vehicle, Full-Duplex, Ergodic
Capacity, Rician Fading, Stochastic Geometry, Heterogeneous
Networks.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) are expected to play
an important role in future wireless networks, with diverse
use cases being proposed in both industry and academia.
Applications involving multi-UAV networks have, for instance,
been envisaged to provide temporary wireless services in
disaster-struck areas [1]. Other prominent concepts that have
attracted recent research attention include the deployment of
UAVs as aerial base stations (BSs) [2]-[4], relays [5], or user
equipments (UEs) [6]-[9].

Yet, the planned ubiquity of UAVs in future wireless net-
works ultimately places a strain on the availability of spectrum
to support UAV communications. Just as spectrum scarcity is
an issue in many other systems, e.g., cellular communications
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[5], [10], spectrum scarcity is also an issue in unmanned aerial
vehicle (UAV) communications as the allocated L-band and
C-band are also shared with other existing systems [11], [12].
Therefore, only a limited part of the allocated bands can be
used to support UAV communications, resulting in a constraint
on the number of deployed UAVs in a network [11], [12].
Furthermore, a shortage of available spectrum may lead to a
performance degradation of multi-UAV networks [13].

In this regard, non-orthogonal multiple access (NOMA), i.e.,
power-domain NOMA, has been investigated in the literature
to improve spectrum efficiency. The concept of NOMA hinges
on the fact that nodes in NOMA-aided systems are multiplexed
in the power-domain to share the same spectrum. In con-
trast, conventional orthogonal multiple access schemes employ
orthogonal allocation of time-frequency resource blocks for
each node in the network. Thus, compared to orthogonal
multiple access systems, NOMA-aided systems are capable
of achieving higher spectrum utilization. When adopted for
multi-UAV communications, superposition coding is employed
to enforce unequal power allocation for all UAVs and ground
stations (GSs). Thereafter, the desired messages are recovered
at the receivers via successive interference cancellation (SIC)
when the interference is stronger than the desired message
[14]-[20]. For receivers experiencing weak interference, the
desired message is simply detected by treating interference as
noise [14], [20].

Already, NOMA has been investigated as a means to
improve spectrum efficiency in heterogeneous networks (Het-
Nets) for cellular communications [21], [22] and UAV commu-
nications [23]. Although promising, the orthogonal allocation
of time-frequency resources is still necessary as power-domain
multiplexing is only employed during uplink (UL) or downlink
(DL) transmissions [8], [24].

To further address spectrum scarcity, one can consider
integrating NOMA-aided multi-UAV communications into
full-duplex (FD) HetNets, i.e., FD-HetNets, comprising FD-
capable GSs (FD-GSs) and half-duplex (HD) macro base
stations (MBSs). In particular, implementing NOMA-aided
multi-UAV communications in FD-HetNets enable UL UAVs
and DL UAVs, equipped with conventional HD transceivers,
to simultaneously operate on the same spectrum thanks to the
operation of FD-GSs. As compared to conventional NOMA-
aided half-duplex HetNets (HD-HetNets), where all nodes
operate in HD mode, higher spectrum efficiency can be
attained via NOMA-aided FD-HetNets. However, such FD-
based systems are also impaired by residual self-interference
(SI) due to carrier phase noise and imperfect SI channel
estimation [25], and interference from UL UAVs [7]-[9].



A. Related Literature

Despite being limited by residual SI and UL interference,
NOMA-aided FD-HetNets have started receiving interest in
the literature as a potential solution to address spectrum
scarcity. For instance, a power control technique was proposed
in [26] for interference management in a NOMA-aided FD-
HetNet, with similar works on NOMA-aided HD-HetNets
[21], [22] also noted.

For UAV communications in FD-HetNets and HD-HetNets,
there exists limited studies in the literature. For instance, the
work in [23] analyzed the optimization of resource allocation
in HD-HetNets. Likewise, the authors in [27] studied UAV
placement to optimize network delays. For UAV communica-
tions in FD-HetNets, throughput optimization through UAV
placement and resource allocation was investigated in [28]
and [29]. While some of the above studies have looked at
throughput as a key metric, an accurate characterization of
the ergodic capacity for FD-HetNets in multi-UAV communi-
cations is currently lacking.

Although there exists some works on NOMA-aided FD-
HetNets and NOMA-aided HD-HetNets in cellular networks,
the obtained conclusions may not be readily applied for
multi-UAV communications due to differences in operating
environments and deployment constraints between cellular and
multi-UAV systems.

One such difference is the channel model for both cellu-
lar and UAV communications. In cellular communications,
Rayleigh fading [24] and Nakagami-m fading [10], [30] are
commonly assumed. However, apart from UAV communi-
cations taking place over Rayleigh fading [31], [32] and
Nakagami-m fading [6], other types of fading can also be
encountered. For instance, transmissions over Rician fading
channels have been noted for UAV-to-GS links [7]-[9], [33],
[34] and UAV-to-UAV links [7], [9], [35]. Channel measure-
ment campaigns in [11], [12], [36] have also confirmed the
suitability of modeling UAV links as Rician fading channels.

Another difference stems from the spatial distribution of
nodes in cellular and UAV communications. As discussed
earlier, the application of UAVs in future wireless networks
has garnered intense interest in deploying UAV-aided wireless
connectivity via aerial BSs or relays. However, one will need
to account for the spatial location and mobility of the UAVs
before any accurate performance evaluation is possible. To
help accomplish such a feat, one can employ the useful tools
of stochastic geometry for multi-UAV networks. A common
technique seen in the literature involves modeling the spatial
location of UEs as a Poisson point process (PPP).

While PPPs have been extensively used to analyze cellular
networks, a PPP effectively covers an infinite region [6].
Furthermore, the number of nodes modeled at each instance
of a PPP is not fixed. In contrast, UAV networks are more
likely to be deployed over a small region with fixed numbers
of deployed UAVs [3], [6].

In light of the above discussions, the homogeneous binomial
point process (BPP) model is more suitable in modeling the
spatial locations of UAVs [3], [6]. Compared to PPPs, the BPP
model allows for the area of the considered region, i.e., area of
the cell, to be defined. Also, in contrast to PPPs, BPPs enable

the number of deployed nodes, i.e., UAVs, at every realization
to be fixed, while ensuring that the spatial locations of the
nodes are uniformly distributed.

B. Motivation and Main Contributions

In spite of several studies that have analyzed multi-UAV
networks using the BPP model, e.g., [3], [4], [6], similar
studies involving NOMA-aided multi-UAV communications
in FD-HetNets are lacking in the literature. Specifically, the
performance of multi-UAV deployments in NOMA-aided FD-
HetNets is currently unclear. Key design parameters and
insights concerning NOMA-aided multi-UAV communications
in the FD-HetNet over Rician fading channels in the presence
of interference are unknown. Examples of key design param-
eters and insights include the number of deployed UAVs, im-
pact of UAV altitude, throughput of UAV communications in
NOMA-aided FD-HetNets, and the impact of SI and residual
interference on the NOMA-aided FD-HetNets.

Based on the above discussions, an ergodic capacity analysis
of NOMA-aided multi-UAV communications in a FD-HetNet
is conducted in this paper. By considering Rician fading chan-
nels and the BPP model for UAV spatial location modeling,
a realistic performance analysis framework is proposed where
we demonstrate the feasibility and advantages of NOMA-aided
multi-UAV communications in FD-HetNets. As compared to
similar works done in the context of cellular networks, e.g.,
[21] and [22], the focus of the present work is different, since
key design parameters and insights are yielded based on the
ergodic capacity performance of NOMA-aided multi-UAV FD-
HetNets. To the best of the authors knowledge, such analysis in
the context of NOMA -aided multi-UAV networks are currently
not available in the literature.

The major contributions of this paper are thus summarized
as follows:

« This paper presents exact ergodic capacity expressions
over Rician fading channels for NOMA-aided multi-UAV
communications in FD-HetNets and HD-HetNets under a
BPP-based stochastic geometry framework.

o The benefits of NOMA-aided multi-UAV communi-
cations in FD-HetNets over HD-HetNets are demon-
strated. Specifically, NOMA-aided multi-UAV FD-
HetNets achieve higher ergodic capacity at the node and
system level while enabling more UAVs to be deployed
over HD-HetNets.

« Exact ergodic capacity gains of FD-HetNets over HD-
HetNets for NOMA-aided multi-UAV are also presented,
where the feasibility of NOMA-aided multi-UAV FD-
HetNets through effective interference management is
highlighted.

The remainder of this paper is organized as follows. The
system model is introduced in Section II, with ergodic capacity
expressions presented in Section III. Thereafter, numerical
results are discussed in Section IV before the conclusion of
the paper in Section V.

II. SYSTEM MODEL

Consider a FD-HetNet supporting NOMA-aided multi-UAV
communications in a suburban environment (Fig. 1). The
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Fig. 1. The FD-HetNet for NOMA-aided multi-UAV communications is
illustrated here. The FD-GS in the FD-HetNet enables HD uplink and
downlink UAVs and the HD MBS to concurrently share the same spectrum
for NOMA transmissions. Through the BPP, it is assumed that the spatial
locations of the deployed UAVs and the MBS follow a uniform distribution
around a disc, with origin O at the FD-GS and radius r.

FD-HetNet comprises Ny HD single-antenna UL UAVs, Np
HD single-antenna DL UAVs, one HD single-antenna MBS,
and a FD-GS. In the rest of this section, the system model
assumptions are first introduced. Then, the statistical distribu-
tions of the UAV and MBS spatial locations are discussed.
Thereafter, the instantaneous signal-to-interference-plus-noise
ratio (SINR) model for the FD-GS and downlink UAVs are
presented.

A. System Model Assumptions

The FD-GS is assumed to be operating with one antenna
each for signal transmission and reception, while the UL
and DL UAVs function as aerial user equipments. It is also
assumed that the FD-GS receives uplink data from the Ny
UL UAVs and MBS-to-GS data from the MBS while con-
currently transmitting DL data to the Np DL UAVs on the
same spectrum through power-domain NOMA. ! Due to FD
transmissions at the GS, the DL UAVs experience interference
from the MBS and UL UAVs [7], [37], as well as multi-user
interference (MUI) from other DL UAVs [8]. In this regard,
the DL UAVs are assumed to be equipped with imperfect
SIC detectors. For the FD-GS, SI mitigation is assumed and
only residual SI is considered to account for FD transceiver
impairments [7], [25], [37], [38]. Finally, it is assumed that
the suburban UAV channel undergoes Rician fading [11], with
compensated Doppler shift assumed in this paper [7], [37].
Rician fading is also assumed for the SI channel at the FD-
GS to account for SI mitigation [7], [37], [38]. A summary of
important notations is given in Table I.

B. Distance Distribution of the UAVs and MBS

Inspired by the studies in [3], [6], [38], the spatial locations
of the UL UAVs, DL UAVs and the MBS are assumed to
follow a BPP. Let the UL UAVs and DL UAVs be indexed
by 1 <i < Ny and 1 < j < Np, respectively. Then, we
denote H; = Hyin +wN and Hj = Hpin + 0|1 + —] as
the respective altitudes (km) of UL UAV-i and DL UAV -7,
where w > 0 indicates the altitude separation factor between
the UL and DL UAVs, H,,;, denotes a minimum altitude such
that 0 < Hyyps < Hypin, and Hy,ps is the height of the MBS
antenna.

1Tt is worth noting that such a system model has been studied in [28] and
[29] in the context of aerial BSs.

TABLE I
SUMMARY OF IMPORTANT NOTATIONS
Notations Description
1<i<Ny Index of UL UAV-i
1 <j<Np Index of DL UAV-j
Hpin;, w Minimum UAV altitude; Altitude separation factor
H;; Hj Altitude of UL UAV-i; Altitude of DL UAV-j
Hyps MBS antenna height
H; j Altitude between UL UAV-i and DL UAV-j
Hpbs,j Altitude between the MBS and DL UAV-j
mbs Euclidean distance between the FD-GS and the MBS
d; Euclidean distance between the FD-GS and UL UAV-{
d; Euclidean distance between the FD-GS and DL UAV-j
dnbs, j Euclidean distance between the MBS and DL UAV-j
dij Euclidean distance between UL UAV-i and DL UAV-;
Ps;p Transmit power; Normalized transmit power
Pgi; psi Received power of the SI; Normalized SI power
o2 Strength of AWGN
€ SI channel estimation error at the FD-GS
yé Strength of phase noise at the FD-GS oscillator
Bmbs.j Residual interference from the MBS at DL UAV-j
Bi.j Residual interference from UL UAV-i at DL UAV-j
a@; NOMA power allocation factor for DL UAV-j

Based on the BPP assumption, let the spatial location of
the UL UAVs, DL UAVs, and MBS be uniformly distributed
around a disc with origin O at the FD-GS, radius r,, and
angle [0, 2m) [6], [38]. The Euclidean distances (km) from the
FD-GS to the MBS, UL UAV-i, and DL UAV-; are denoted
as dyps, di, and d;, respectively. For x € {i,j,mbs}, the
Euclidean distance d, is defined as d, = \DZ% + HZ, where
D, is the Euclidean distance between the projection of node-x
onto the ground plane and the FD-GS. Finally, the inter-UAV
distance between UL UAV-i and DL UAV-j is defined as d; ;
while the distance between the MBS and DL UAV-j is denoted
as dpps, ;-

The probability density function (PDF) of d, is given as
fa.(wx) = [6, eq. (3)], where x € {i,j,mbs}, Ly x <

wyx < Lp «, Lm’x =H,,and L, = VH, +ra.

For the inter-UAV distance (d;,;) and the distance between
the MBS and DL UAV-j (dups,;), the conditional PDF
fa.;(wldj),x € {i,mbs} is defined as [6, eq. (2)], [38, eq.
(DI

2
% ,Hx,jSWSLq,x
fd (Wld ) w2+d?—(r2+H? . (1)
o 2arccos M JLgx<w< Ly
2d; [w-H2 ’ ’

where Lg v = \[(ra —d;) + H2 |, Ly = \|(ra +d;)* + H2 .
H;; = H; — H; is the separation altitude between UL UAV-
i and DL UAV-j, and H,,;s,; = H; — H,,p5 1s the altitude
between the MBS and DL UAV-j.

Through the PDFs, fy, (w) and fu, ;(w|d;), a performance
analysis of NOMA-aided multi-UAV communications in the
FD-HetNet can be obtained with the spatial locations of the
UAVs and MBS taken into consideration.



C. Instantaneous SINR at the FD-GS

To detect the messages transmitted by both the MBS and UL
UAVs at the FD-GS, an SIC detection process is employed. >
In particular, the FD-GS performs SIC to detect and remove
the MBS signal of interest (SOI) from the received composite
signal. The FD-GS then detects the SOI from the UL UAVs,
starting with UL UAV-1, in the presence of MUI [16]—-[20].
The SIC detection process is repeated until the SOIs of all the
remaining UL UAVs are detected.

Let Xyups, Xi, and Yy 1 be non-centered Chi-squared dis-
tributed random variables (RVs) with respective Rician K
factors Kmps, Ki, and Kg; 1. Also, let Yy; » be an exponentially
distributed RV. Then, the instantaneous SINR to detect the SOI
of the MBS at the FD-GS (SINREP ) is:

pd;lyll,sxmbs

SINRED = =
1+ P Zilel di_nXl' + psiYsi,l + psiYsi,Z ,

mbs

2

. P, . .
where n is the pathloss exponent, p oc == is the normalized

transmit power [37], P, is the transmit power, G = (43”_ &)29 fc)z,
fe is the carrier frequency (MHz), 0> = =174+ 101og,,(Bw)
is the strength of the additive white Gaussian noise (AWGN)
in dBm [39], Bw is the bandwidth (Hz), ps; = Psi/o?
is the normalized power of the SI, P;; = P, denotes the
received power of the SI, Xybs = |hmps|? Xi = |hil* Bops
is the channel between the FD-GS and the MBS, and #;
is the channel between the FD-GS and UL UAV-. Alio,

Ysi,l = €|hsi|2 and Ysi,Z = ﬂ}/(zp'hsilzv where hsi = hsi - h.\‘i

is the error of the imperfect SI channel gain estimate, hg; is
the imperfect estimation of the SI channel gain, and yé is the
strength of the Gaussian distributed phase noise [25]. 3 The
SI channel estimation error (hg;) is modeled as a circularly
symmetric zero-mean complex Gaussian RV with variance e
to account for the worst case residual SI, [7], [37], [40]. In this
way, the total amount of SI suppression to bring the residual
SI signal below the noise floor (¢?) is calculated as 1/(ec?)
[37].

Similarly, the instantaneous SINR to detect the SOI of the
UL UAVs at the FD-GS (SINREP) is:

d"X;
SINRFP = i

1+ Zk:i+1 ,de Y + psiYsi,l +psiYsi,2,

where Y; = |hi|? is a non-centered Chi-squared distributed
RV with Rician K factor K, and /j is the channel between
the FD-GS and the remaining UL UAVs.

D. Instantaneous SINR at Downlink UAV-j

At DL UAV-j, an SIC detector is employed to detect the
SOI transmitted by the FD-GS. # In particular, the SIC detector

2By extension, it assumed that the FD-GS has prior knowledge of the
locations of the MBS and all UAVs. For the latter, such information can
be obtained from flight plans approved by relevant authorities.

3The phase noise term v reflects the jitter effect in oscillators due to
hardware imperfections [25].

4Similar to the FD-GS, it is assumed that all DL UAVs have prior
knowledge of the locations of the FD-GS, MBS and surrounding UAVs.

at DL UAV-; detects the SOI in the presence of MUI from
the other DL UAVs, as well as interference from both the UL
UAVs and MBS.

Let X;, Yyups,j, and Y; ; be non-centered Chi-squared dis-
tributed random variables (RVs) with respective Rician K
factors K;, Kmps,j, and K; ;. Then, the instantaneous SINR

(SINRJFD) at DL UAV-; is:
SINRTP
pa; d]T"Xj

_ —_ —1 N, _
Uyl Yoos,j + ;"X Siy an +p I dYe g
@

where X; = |1 %, Yips,j = Bmbs,jlhmbs,j1*, Yi.j = Bijlhi ;1%
h; is the channel between the FD-GS and DL UAV-j, hyps
is the channel between the MBS and DL UAV-j, h; ; is the
channel between UL UAV-i and DL UAV-j, and «; is the
power allocation factor for DL UAV-j such that Zj.\]: Daj=1
Also, 0 < B, ; < 1,x € {mbs, i} is the strength of the residual
interference after SIC [17], [41]-[43].

As the DL UAVs are deployed at different altitudes, i.e.,
H; < Hj,1, the power allocation factor a; can be heuristically
defined based on the altitudes of the Np DL UAVs to ensure
fairness. In particular, the power allocation factor «; can be
defined as a; = ZN% so that DL UAVs that are further

k=1 Tk
away from the FD-GS are assigned higher transmit powers

[22], ie., @; < aj+1. In this way, DL UAV-j recovers the
SOI by performing SIC to remove MUI from DL UAV-m for
m > j, while ignoring MUI from DL UAV-k for k < j [18],
[20].

ITII. ERGODIC CAPACITY DERIVATIONS

In this section, ergodic capacity expressions are presented
for NOMA-aided multi-UAV communications in the FD-
HetNet. The UL and DL ergodic capacity expressions for
NOMA -aided multi-UAV communications in a HD-HetNet are
also presented as a benchmark.

The ergodic capacity expressions presented in this section
are derived based on the work in [44, Lemma 1], where
a technique was proposed that enables the ergodic capacity
calculation of instantaneous SINRs with both uncorrelated and
correlated RVs. The present approach extends this method to
evaluate the ergodic capacities of multi-UAV communications
in FD-HetNets and HD-HetNets within a stochastic geometry
framework.

A. Ergodic Capacity of the MBS in the NOMA-Aided FD-
HetNet

The MBS ergodic capacity is defined as CF'2 = E { In (l +

SINRHF1 58)}, where E{e} denotes the statistical expectation
operator. To evaluate CF'D . one will need to employ cal-
culations involving (2Ny + 4)-fold numerical integrations to
average the PDFs of the associated RVs in SIN RZ fs. To avoid

such highly intensive computations, one can instead invoke the



method proposed in [44] that enables a simple evaluation of
ergodic capacity.

In the next theorem, we present an exact expression for
C il?s obtained using the technique in [44].

Theorem 1: The ergodic capacity of the MBS in the FD-

HetNet is:
Lp,mbs o exp(_z) B
Cmbs = / / —|1- Mx,,,, (prmrlln‘)
Lmvmbs 0 <

x( ﬁ 7 (zp))Mm,l (zpsi) My, , (zpsi)

i=1

X fdpps (Wmbs)dzdWmps (5)
where Mx (z) is the moment generating function (MGF) of
the non-centered Chi-squared distributed RV X, with Rician
K factor Kx, which is given as [45, Table. I]:

1+ Kx ex —Kxz
1+Kx +z2 p 1+Kx +z2 )

Mx (2) (6)

and the function 7;(zp) is defined as:

Ly
Ti(zp) = / Mx, (ZPW[_n)fdi(Wi)dWi, (7
which averages the MGF My, (zpwl.‘”) of interfering UL UAV-
i with the PDF fy, (w;).
Proof: The proof is provided in Appendix A. |
The expression in (5) enables CX'P to be evaluated at finite
P;, ie., p, regimes, in the presence of receiver noise and
interference, using (Ny + 2)-fold numerical integration. In
contrast, a direct evaluation of CF st will require (2Ny + 4)-
fold numerical integrations.

Furthermore, My, , zpw;n’;)s) and (Hl s (zp)) account
for the SOI from the MBS and interference from the UL UAVs,
respectively, in (5). Likewise, MYSi’l(Zpsi) and My,,, (Zpsi)
account for the residual SI due to imperfect SI channel
estimation and phase noise, respectively, in (5). It should
also be noted that CXP in (5) is limited by the number of
interfering UL UAVs (Ny) and the strength of the residual
SI, i.e., imperfect SI channel estimation (€) and phase noise
(y ¢) Thus, the ergodic capacity of the MBS at asymptotic P,
regimes, i.e., CEP can be obtained from (5) as shown in
the following corollary

Corollary 1: The asymptotic ergodic capacity of the MBS
in the FD-HetNet is:

= [ o o) )

XMYS,-J (Z)MYM-,Z (Z)fdmm- (mes)dzdwmbs. ()

Proof: At asymptotic P, regimes, SINRF? in (2) re-

duces to the following instantaneous signal-to-interference
ratio (SIR), i.e., SIRFD :

mbs”
mbs ZNUan +Y”1+Y“2

SThe expressions presented in this work can be simplified for the special
case of Rayleigh fading channels by setting the Rician K factor to be zero.
Doing so will yield new expressions for the special case of Rayleigh fading
UAV channels, and is left as future extensions of this paper.

Then, evaluating C'2 = E{In(1+ SIR";bDS)} using the

same steps in Appendix A yields (8). This completes the proof.
Similar to (5), Mx,,,,, (zpwr‘n"bs) and (ﬂl | T (zp)) account
for the SOI from the MBS and interference from the UL UAVs,
respectively, in (8). The functions My, , (zps:) and My, , (zpsi)
also account for the residual SI due to imperfect SI channel
estimation and phase noise in (8), respectively.

From (8), the impact of interference from the UL UAVs can
be analyzed within a stochastic geometry framework. Similar
to (5), (8) is also influenced by the residual SI at the FD-
GS and the number of interfering UL UAVs. Furthermore,
scenarios where the detection of the SOI from the MBS is
interference-limited can now be identified using (8).

B. Ergodic Capacity of UL UAV-i in the NOMA-Aided FD-
HetNet

The ergodic capacity for UL UAV-i is defined as C/'” =
E{in (1+SINRFP
(2Ny —2i+4)-fold numerical integrations, we present an exact
expression for C[.F D based on the technique in [44] in the next

theorem.
Theorem 2: The ergodic capacity of UL UAV-i in the FD-

HetNet is:
/Lp‘i /00 M |- My (pr_—n)
Lo 0 z i i

)} As a direct evaluation of Cl.F D requires

U
X H Tk (z,o))MYS,-,I(zpsi)lVIY,.,-,2 (zosi) fa; (wi)dzdw;_ (10)
k=i+1
Proof: Applying the same technique in Appendix A yields
(10), which completes the proof. |

Similar to (5), (10) enables the ergodic capacity of UL
UAV-i to be evaluated at finite P, regimes in the presence of
receiver noise and interference. Furthermore, (10) is simpler
to compute, requiring (Ny —i+2)-fold numerical integrations
compared to (2Ny — 2i +4)-fold numerical integrations using
direct evaluation.

It should also be emphasized that My, (zpwi‘") and

(HkN:”l Tk (zp)) account for the SOI from UL UAV-i and
interference from the remaining UL UAVs, respectively, in
(10). Likewise, My,, , (zpsi) and My,,,(zpsi) account for the
residual SI due to imperfect SI channel estimation and phase
noise, respectively, in (10).

It can be seen from (10) that the remaining number of
interfering UL UAVs (Ny) and also the strength of residual SI,
i.e., imperfect SI channel estimation (¢) and phase noise (7(21,),
limits CiF D When i — Ny, (10) becomes Sl-limited due to a
diminishing number of interfering UL UAVs. As P, increases,
the asymptotic ergodic capacity of UL UAV-, i.e., ClF D can
be obtained from (10) as shown in the next corollary.

Corollary 2: The asymptotic ergodic capacity of UL UAV-i

in the FD-HetNet is:
Nu
l_"))( l_[ 7% (2)

Lpi oo q
/ / =1 - My, (zw
mi JO L K=i+1

XMy, (2)My,; ,(2) fa; (wi)dzdw; (11)

FD
Cis




Proof: As P, increases, SINRFP in (3) simplifies into
the following instantaneous SIR (SIRFP) expression:

d:" X;
d Yk+Ystl+Ys12

12)

Then, (11) is obtained by evaluating C/2 = E {ln(l +

SI Rf b )} using the same steps in Appendix A. This completes
the proot. ||
Similar 10 (1), My (zow;"), (11N, 7(20)),
My, (zpsi), and My, ,(zpsi) account for the SOI from
UL UAV-i, interference from the remaining UL UAVs,
residual SI due to imperfect SI channel estimation, and
residual SI due to phase noise, respectively, in (11). It
can be seen from (11) that, apart from residual SI at the
FD-GS, interference from the remaining Ny — i UL UAVs
can significantly affect the asymptotic ergodic capacity of
UL UAV-i when Ny is large. Therefore, (11) can be used
to identify a suitable value of Ny when asymptotic ergodic
capacity requirements must be satisfied for all UL UAVs.

SIRFP
k z+]

C. Ergodic Capacity of DL UAV-j in the NOMA-Aided FD-
HetNet

The ergodic capacity of DL UAV-j is defined as C/'” =
E{ln (1 + SINRF D)} which requires (2 + 2Ny + 2,)-fold
numerical integrations in direct computations. In the following
theorem, we invoke the approach in [44] to present an exact

expression for C[F D,
Theorem 3: The ergodic capacity of DL UAV-j in the FD-

HetNet is:
/Lw' /°° exp(2)
L,
Jj-1
x| Mx; (zpw n Z ak) - Mx; (zpw;"
1

U

i)

k=1

XUmbs, (ZP)( Hi,j (Zp))fdj (Wj)dZde’ (13)

i=1

L
where the function iy j(zp),x € {mbs,i} is defined as:

Lq,x

pxj(zp) = - MYX,_,»(ZPW},'})de,_,»(Wx,.iIWj)dWx,j
e

[ My (2ol )y Ovaglwpdwe s (14)

Lq,X

which averages the MGFs of the interfering MBS and
UL UAVs .ie., My n

mbs, j ij)°
the respective distance PDFs, ie., fa,,,; (Wmbs, jlvjvj) and
fai; Wi jlwy).
Proof: The proof is given in Appendix B. |
The expression in (13) enables a simpler evaluation of
the ergodic capacity for DL UAV-; at finite P; regimes
by using (3 + Ny)-fold numerical integrations. Furthermore,
[MXJ. gzpwj‘.” Zi;i - My, (zpw n J ak)] accounts for
the difference in the strength of the SOI for DL UAV- and

(zpw;n’zs’j) and My, ; (zpw over

MUL pmps,j(zp) is due to interference from the MBS, and
(]—[f\i i (zp)) is due to interference from the UL UAVs.

It can also be seen in (13) that the number of interfering
UL UAVs (Ny) and the strength of the residual interference
(Bx,j>x € {mbs,i}) limits C/'P. The height of DL UAV-;
also influences the strength of the SOI in C/” due to the
term My, (zpwj‘." Z,’;ll ak) - My, (zpw;" - ak) in (13).
To see this, recall that the power allocation of DL UAV-j
(aj) is determined based on altitude (H;). Thus, DL UAVs at
lower altitudes can remove more MUI than the other DL UAVs
at higher altitude, as embodied by My, (zpwj‘." f(;i g

ij(zpw” J a/k).

From (13), 1t is useful to note that under effective SIC, i.e.,
Bx,j — 0,x € {mbs,i}, the impact of interference on CFP in
(13) is negligible for DL. UAV-1. However, for j > 1 and Np >
I,C ]F D is limited by interference from the remaining j—1 DL
UAVs as P; — co. Under such circumstances, the asymptotic
ergodic capacity of DL UAV-j (C['2), can be obtained from
(13) as shown in the next corollary.

Corollary 3: The asymptotic ergodic capacity of DL UAV-j,
for j > 1 and Np > 1, in the FD-HetNet is:

L, 0
FD _ P
Ciw =
Lm’j O
j-1
—-n —-n
X ij(ZWj Zak)—MXj(ZWj

k=1

e"pi_Z) fa, (w))

ak)
k=1

Proof: When By ; — 0,x € {mbs,i}, j > 1, Np > 1 and
P, — o, SINR;.E D in (4) can be simplified into the following
instantaneous SIR (STRYP) expression:

M-

dzdwj (15)

0/~d_."X~
SIRTP = ————— (16)
nX Zk la'k
Next, (15) is obtained by evaluating Cﬁ b - F {ln(l +

SI Rf b )} using the same steps in Appendix B. This completes
the proot.

Similar to (13), [ij (zpw n Zk 1 ak) -
My, (zpw]‘.” i:l a accounts for the difference in

the strength of the SOI for DL UAV-i and MUI in (15).
The expression in (15) also indicates that the quality of
NOMA-aided transmissions in the FD-HetNet depends on the
quality of the imperfect SIC and strength of the interference
from the MBS and UL UAVs. As such, (15) can be used to
study tradeoffs between supporting more UL UAVs on the
same spectrum and meeting ergodic capacity requirements.

D. Ergodic Capacity of the NOMA-aided HD-HetNet

As a performance benchmark, the NOMA-aided multi-UAV
FD-HetNet is compared against a NOMA-aided multi-UAV
HD-HetNet in this paper.

In this aspect, it is worth pointing out that similar studies
in the literature, e.g., [10], [17], [24], [46], have chosen
NOMA-aided HD systems as the performance benchmark. The



TABLE 11
SUMMARY OF ADVANTAGES AND DISADVANTAGES FOR VARIOUS NOMA-AIDED FD SCHEMES

Study Advantages Disadvantages

[10] Improves the reliability of downlink NOMA transmissions to the far-user. Higher equipment cost as it requires a dedicated FD relay.
Leads to interference experienced at the near-user.

[17] Less uplink interference is experienced at the FD relay and downlink users. ~ Lower spectrum efficiency.

[24] Less uplink interference experienced at the downlink user. User scheduling only considers a downlink user at a fixed location.
Lower spectrum efficiency.

[46] Less number of antennas are needed at the FD base station. Higher receiver hardware complexity for each transmitting antenna.

Lower interference is experienced on each subcarrier.

Present Work  Enhanced spectrum efficiency and higher ergodic capacity.

Lower spectrum efficiency.
Higher signal processing complexity and delay.
Higher transceiver hardware complexity.

main motivation behind such a benchmark comparison is to
demonstrate the improved spectrum utilization and associated
benefits of NOMA-aided FD systems over NOMA-aided HD
systems. When NOMA-aided FD schemes in [10], [17], [24],
[46] are compared against the NOMA-aided multi-UAV FD-
HetNet in the present work, some observations are noted.
For instance, NOMA-aided FD schemes in [10], [17], [24],
[46] enable improved reliability and reduced interference in
NOMA transmissions at the cost of higher equipment cost
and lower spectrum efficiency. In contrast, the NOMA-aided
multi-UAV FD-HetNet enable higher spectrum efficiency and
ergodic capacity at the cost of higher transceiver hardware
complexity, signal processing complexity and delay. A sum-
mary of the associated advantages and disadvantages of the
various NOMA-aided FD schemes are provided in Table II.
While it will be interesting to see how the NOMA-aided
multi-UAV FD-HetNet proposed in the present work performs
relative to other NOMA-aided FD schemes, such an analysis
can be pursued as an extension of the current paper.

In NOMA-aided HD-HetNets, SI is not present as the GS
operates in HD mode. As such, the instantaneous SINRs

of the MBS (SINRIP), UL UAVs (SINR/P), and DL

d7 Xm DS
UAVs (SINRHD) are defined as SINRHD = LdubsXmvs
J mbs - py, Ll,/,d "X;
d"X; "X
SINRHD = L4 " ang SINRHD = —29% 27
! 1+Zk:l{+1 pd;"’Yk J 1+/de "X; Zk:l [e75
respectively.

Then, the ergodic capacity of the MBS, UL UAV-i, and
DL UAV-j as respectively defined as C2 = E{iIn(1 +

SINRHP Y, G/ = E{4in (1 + SINRHP)], and CP =

{l In (1 + SINRHD)} In the following theorem, exact ex-

pressions are presented for CH D CH D and CHP.

Theorem 4: The ergodic capac1ty of the MBS, UL UAV-,
and DL UAV-; in the HD-HetNet are given in (17), (18), and
(19), respectively.

1 Lp,mbs oo exp(_z) n
E /L Y ‘/O' z 1 - Mmes (prmbs)

Ny
X( l_[ T (ZP))fdm,,s (mes)dzdwmbs, 17)
i=1

1 Ly X ex (_Z) B
CHP E/ / P 1= My (zpwi)
Lm; J0 <

Nu
x( H Tk(Zp))fd,-(Wi)dZdwi,
k=i+1

Cbs

m

(18)

1 LPJ ex ( Z)
e = 5 [ [
Lm,j 0
J-1 J
X|Mx; zpwj_." ay | - My; zpwj_-"Zak dzdw; (19)
k=1 k=1

Proof: The expressions for (17) and (18) are obtained
using the same steps in Appendix A while (19) is obtained
using the same method in Appendix B. This completes the
proof. |

For (17), Mx,,,, (zpw;q’l‘”) and (]—[f\iﬁ’ T (zp)) account for

the SOI from the MBS and interference from the UL UAVs,
respectively. For (18), My, (zpwl.‘") and (HkNZH T (zp))
account for the SOI from UL UAV-i and interfer-
ence from the remaining UL UAVs, respectively. Finally,
[hMXj (zpw]‘." Z{(;ll a/k) - My, (zpwj‘." Yo ak)] account for
the difference in the strength of the SOI for DL UAV-i and
MUI in (19).

From Theorem 4, the ergodic capacity of the MBS and UL
UAV-i,1 < i < Ny — 1 are interference-limited at high P,
regimes due to the presence of interference from other UL
UAVs. Likewise, the ergodic capacity of DL UAV-; when j >
1 is also interference-limited at high P, regimes due to MUI
from the DL UAVs. To this end, we present the asymptotic
ergodic capacity of the MBS (CmeDS ), UL UAV-i (C HD) “and
DL UAV-j (CHD) using (17), (18), and (19), respectlvely, as
shown in the followmg corollary.

Corollary 4: The asymptotic ergodic capacity of the MBS,
UL UAV-i, and DL UAV-; in the HD-HetNet are given in (20),
(21), and (22), respectively, for i < Ny — 1 and j > 1.

Lp mbs
/ / - Mx,,, (Zwmbs)
m mbs

X( l—[ T (Z))fd,-,,bA (mes)dzdwmbs, (20)

Ly.i )
cHD /l / 1(1—Mx, wy ))

ch

mbs co

m,i

X( l_[ Tk(Z))fdi(Wt)dZdWl, (21)
k=i+1
Lp.j
cpp = 5 [ [T
/ J
X MXf(Zan Clk) MX (zwjnzcyk) dzdwj_(ZZ)
k=1 1




Proof: The expressions in (20), (21), and (22) are ob-
tained through the same techniques seen in Corollaries 1, 2,
and 3, respectively. This completes the proof.

Similar to Theorem 4, Mx,,,. (zow}" | and (Hf\f{ T (Z,O))
account for the SOI from the MBS and interference from the
UL UAVs, respectively, in (20). For (21), Mx, (zpw;”) and

(HkN:U[ o Tk (zp)) account for the SOI from UL UAV-i and in-
terference from the remaining UL UAVs, respectively. Finally,
[hMXj (zpw;” Zij ak) - My, (zpwj‘." . a/k) account for
the difference in the strength of the SOI for DL UAV-i and
MUI in (22).

Unlike in FD-HetNets, UL and DL transmissions in HD-
HetNets cannot concurrently occur on the same spectrum
as separate spectrum bands or timeslots, i.e., time-frequency
resource blocks, are required. To account for the orthogonality
of time-frequency resource blocks in HD-HetNets, a factor of
% is introduced in (20), (21) and (22). Doing so enables a fair
comparison between HD-HetNets and FD-HetNets.

E. Ergodic Capacity Gains of NOMA-aided FD-HetNets over
HD-HetNets

Although HD-HetNets inherently experience less interfer-
ence than FD-HetNets, a much higher throughput can still
be achieved by the latter. In particular, ergodic capacity
gains can be achieved FD-HetNets with effective interference
management and also through the higher number of UAVs that
can be concurrently supported on the same spectrum.

To this end, quantifying the ergodic capacity gain of
NOMA -aided multi-UAV communications in FD-HetNets over
HD-HetNets is of practical significance for system designers.
Let the ergodic capacity gain of the MBS, UL UAV-i, and DL
UAV-j be defined as Aps = CEP —CHP A = CFP -CHP,
and A; = Cf D —CJH D respectively. Then, from Theorems 1, 2,
3, and 4, we present exact expressions for A, x € {mbs,i, j}
in the next corollary.

Corollary 5: The ergodic capacity gains of the MBS, UL
UAV-i, and DL UAV-; in the FD-HetNet over the HD-HetNet
are given in (23), (24), and (25), respectively.

Lp,mbs o ex (_Z) B
Ambs = / / pZ 1 - Mxmbs (prmrlln>
Lm.mb.s 0
Ny 1
X 1_[ Ti (Z,D) My, , (Zpsi)MYsi,z (Zpsi) 3
i=1
X fdps (Wmbs)dzdWmps  (23)
Ll’-i o0 ex —
po= [ Z)(l—Mx,.(zpw?"))
mi 40
Ny 1
x| [ ] (20 || My, (2p50) My, (z0i) - 3
k=i+1
dei(W,')dZdWi’ (24)
bri % exp(=2)
Aj = D
Ly; J0 <
Jj-1 J
x| Mx; (prj__" ag | — Mx; (prj_'n Z a
k=1 k=1

TABLE III
SIMULATION PARAMETERS

Value

Ny € {3,4,5,6}, Np € {3,4,5,6} [3], [47]
10 dB [11, Table V]

0 dBm < P; <30 dBm [47]

f. =2 GHz [47]

Parameter
Number of UAVs
Rician K Factors
Transmit Power
Carrier Frequency

Bandwidth Bw =20 MHz [47]

Phase Noise y?;) € {-130 dBm, —140 dBm} [7], [37], [38]
SI Channel Estimation Error € € {0.5,0.1,0.01} [7], [37], [38]

Radius rq = 10 km [39]

MBS Antenna Height
Minimum UAV Altitude
Altitude Separation Factor
Residual Interference
Pathloss Exponent

Hyps =0.03 km [47]

Hpin € {0.1,1} km [47]

w e {0.1,1}

Bmbs.j»>Bi.j € {0, (0.04)3, (0.07)3} [17]
n =2 [11, Table III], [33]

Ny 1
X(:umbs,j (zp)(l_[,ui,j (ZP)) - E)fdj(wj)dzdw]; (25)

i=1

Proof: The proof is provided in Appendix C. |

The ergodic capacity gain expressions given in (23), (24),
and (25) can be used to determine scenarios where the FD-
HetNet is able to achieve higher ergodic capacity than the HD-
HetNet. In particular, Ay < 0,x € {mbs,i, j} indicates that
node x in the FD-HetNet achieves lower ergodic capacity than
the HD-HetNet. Similarly, A, > 0,x € {mbs,i, j} indicates
that node x achieves a higher ergodic capacity in the FD-
HetNet than the HD-HetNet.

It is also worth emphasizing that A,,x € {mbs,i,j}
can be used to provide system design guidelines. For in-
stance, A,ps and A; can be negative due to the term
My,, , (zpsi)My,,, (zpsi) — 3 in (23) and (24), respectively. To
illustrate this, it can be seen that increasing SI channel estima-
tion errors (€), i.e., reducing SI cancellation, or phase noise
(v3) leads to My,, | (zpsi) My, , (zp5i) — 0. Likewise, A; can

also be negative due to the term fmps, ; (20) [ TINY wi,j(zp)] -

L in (25). Specifically, pmps,;(zp) [ TINY wij(zp)] — 0 as

residual interference (B j,x € {mbs,i}) increases. Therefore,
the expressions given in (23), (24), and (25) can be used
to identify crucial system parameters, e.g., transmit power
(P;), SI channel estimation error (€) or bandwidth (By ), that
enables the FD-HetNet an advantageous ergodic capacity gain
over HD-HetNets while meeting operational constraints.

IV. NUMERICAL RESULTS

Numerical results pertaining to the ergodic capacity and
ergodic sum capacity of NOMA-aided multi-UAV communi-
cations in the FD-HetNet and HD-HetNet are presented in this
section. For the FD-HetNet and HD-HetNet, the ergodic sum
capacity is defined as C,J) = CED + Zl}\i‘l’ CcfP+ le\]:’)l CfD
and CHD = Cg£+§]fi‘f ClHD+Z§Vﬁ CfD, respectively. Like-
wise, ergodic sum capacity gain for UL and DL transmissions
are defined as Ay = Aups + ZZ’IJ A; and Apy = 273 Aj,
respectively. We also present Monte Carlo simulation results
conducted with 10° samples on MATLAB, and numerical

results obtained from Mathematica, using parameters that are



provided in Table III. ©

A. Ergodic Capacity at the FD-GS and DL UAVs
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(a) Ergodic Capacity at the FD-GS.

3.5

—p— DL UAV-1
3F | —<—DLUAV2
—7— DL UAV-3
— P> — DL UAV-1 (HD-HetNet)
—-<-— DL UAV-2 (HD-HetNet)
— -7 — DL UAV-3 (HD-HetNet)
— — — Asymptotic
Simulation

1.5

Ergodic Capacity at the DL UAVs (b/s/Hz)
~

0 5 10 15 20 25 30
P, (dBm)
(b) Ergodic Capacity at the DL UAVs.

Fig. 2. Ergodic capacity comparison at the FD-GS and DL UAVs in the
NOMA-aided FD-HetNet for Niy = Np = 3, Hyuin = 0.1 km, w = 0.1,
yé =-130 dBm, € = 0.01, and Byps,; = Bi,j = (0.04)3.

The ergodic capacity at the FD-GS is plotted in Fig. 2a
for the MBS (CFP) and UL UAV-i (CFP). Likewise, the

mbs

ergodic capacity at the DL UAVs (C?) is plotted in Fig. 2b.
As a benchmark, the ergodic capacities of the MBS (CZP),

UL UAV-i (C}'P), and DL UAV-j (C'P) are plotted fon;btshe
NOMA -aided HD-HetNet.

Despite the FD-GS experiencing residual SI and MUI from
the UL UAVs, it is observed from Fig. 2a that CXP > CHP
and Cf'P > CHP i e {1,2} for 0 dBm < P, < 30 dBm.
Such an observation is due to effective SI mitigation and MUI
from the UL UAVs, resulting in SINRZ?S > SINRZbDS and
SINRlFD > SINR?D. Moreover, Corollaries 1 and 2 are
confirmed, since Crist ~ Cil?s’w and CIFD ~ Cfo? at high

To obtain the simulated ergodic capacity of the UAVs and MBS, the RVs
present in the various SINR expressions are first generated in MATLAB.
Thereafter, using the ergodic capacity definitions, the generated RVs are used
to compute the various average ergodic capacities. While it will be interesting
to see how such simulations can be done using an event-driven simulator, e.g.,
ns-2 or OMNeT++, the analytical and simulation framework in this direction
of work is left as future extensions of this paper.

P; regimes. For the case of UL UAV-3, strong residual SI
at the FD-GS is experienced at high P, regimes, leading to
CFD < CHD

In Fig. 2b, it is observed that CfD > CfD for 0 dBm <
P; < 30 dBm. Furthermore, at high P; regimes, Corollary 3
is confirmed since C}” ~ CHD, j € {2,3}. Specifically, it is
observed that C f D j e {2,3} begins to plateau. Such a trend
is due to the fact that the instantaneous SINR at DL UAV-
j,j €{2,3}), ie., SINRfD becomes largely limited by MUI
from the preceding j — 1 DL UAVs, which cannot be canceled
due to the nature of the SIC ordering.

From Fig. 2, it is demonstrated that having the GS operate
in FD mode, i.e., FD-HetNet, enables higher ergodic capacity
over the HD-GS to be attained for the MBS, UL UAVs, and
DL UAVs.

B. Impact of Height on Ergodic Sum Capacity
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Fig. 3. Impact of height on the ergodic sum capacity of the NOMA-aided
FD-HetNet and HD-HetNet for Nyy = Np = 3, y; =—130 dBm, € = 0.01,
and Binps,j = Bi,j = (0.04).

Fig. 3 shows the impact of height on the ergodic sum
capacity for the FD-HetNet and HD-HetNet. It can be seen
that the ergodic sum capacity of the FD-HetNet (CLD)) and

sum

HD-HetNet (CHD) exhibit similar trends, with CED > cHD
for 0 dBm < P, < 30 dBm. When the minimum UAV altitude
(Hmin) is low and the altitude separation factor (w) is small,
a higher Cy,,,.x € {FD,HD} is observed. Correspondingly,
it is seen that a higher H,,;, and larger w leads to a lower
Cr...xe{FD,HD}.

The reasons behind the observations in Fig. 3 are due to
the fact that increasing H,,;,, causes the UL and DL UAVs
to be operating at a higher altitude. In turn, the SOIs of UL
UAV-i and the GS become weaker at the receiving GS and DL
UAV-j, respectively, i.e., weaker SINRs. Similarly, increasing
w results in a larger separating altitude between all UAVs,
i.e., higher operating altitude for all UAVs, leading to weaker
SINR at the FD-GS and the DL UAVs. However, a larger w
also results in weaker MUI at the receiving GS and DL UAVs.

When SIC detection is employed at the GS and DL UAV-j,
MUI from the UAVs can be effectively managed. Hence, both
the FD-HetNet and HD-HetNet are able to have the UL and



DL UAVs operate a lower H,,;,, and smaller w while achieving
higher C},,,,x € {FD, HD}, leading to the trend in Fig. 3.

sum?

C. Impact of the Number of Deployed UAVs on Ergodic Sum
Capacity

5 |~ HD-HetNet, Ny =Np =6
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Fig. 4. Impact of the number of deployed UAVs on the ergodic sum capacity
of the NOMA-aided FD-HetNet and HD-HetNet for H,,;;,, = 0.1 km, w =
0.1, y; =-130 dBm, € =0.01, and Byps,; = Bi,j = (0.04)3.

The impact of the number of deployed UAVs on the ergodic
sum capacity for the FD-HetNet and HD-HetNet is plotted in
Fig. 4. It can be observed from Fig. 4 that increasing Ny
and Np leads to higher ergodic sum capacity (C3,,.,x €
{FD,HD}) for both FD-HetNet and HD-HetNet. Such an
observation is due effective interference cancellation at the
GS and DL UAVs. Specifically, SIC detectors are employed
at the GS and DL UAVs. Hence, MUI from the UAVs can be
effectively mitigated in the FD-HetNet and HD-HetNet. As a
consequence, more UL and DL UAVs can be supported.

It is also useful to note that in HD-HetNets, the MBS and
UL UAVs communicate on time-frequency resource blocks
that are orthogonal to those allocated for DL UAVs. In con-
trast, the FD-GS enables the MBS, UL UAVs and DL UAVs
to communicate over the same time-frequency resource block.
As a result, increasing Ny and Np leads to a higher increase
in CED than in CHD  which in turn leads to CLD > cHD
for 0 dBm < P, < 30 dBm.

Therefore, Fig. 4 highlights the potential for FD-HetNets to
address spectrum scarcity in UAV communications.

D. Impact of SI Cancellation, Phase Noise, and Residual
Interference on Ergodic Sum Capacity

The impact of SI cancellation (¢) and phase noise (7(2]))
on the FD-HetNet ergodic sum capacity (CLD) is shown in
Fig. 5. To begin, it is useful to recall that SI cancellation is
computed as 1/(ec?) [37], [40]. Thus, increasing € = 0.01
to € = 0.1 also increases the SI channel estimation error
while leading to a lower level of SI cancellation at the FD-GS.
Consequently, the resultant instantaneous SINR of the MBS
(SINRED ) and UL UAV-i (SINR]P) at the FD-GS becomes
limited by residual SI. Similarly, increasing yé also causes the

strength of the residual SI to increase. However, as y(zﬁ < o2,

—5— FD-HetNet, 72 = —130 dBm, € = 0.01
| |--&- FD-HetNet, 32 = =130 dBm, ¢ = 0.1 t
7T | —o— FD-HetNet, —140 dBm, € = 0.01

—-©—- FD-HetNet, 72 = ~140 dBm, € = 0.1
—%— HD-HetNet

Simulation :

Ergodic Sum Ca;

15 20 25 30
P, (dBm)

Fig. 5. Impact of SI cancellation and phase noise on the ergodic sum capacity
of the NOMA-aided FD-HetNet for Ny = Np =3, Hyin = 0.1 km, w =
0.1, and Bups,j = Bi,j = (0.04)3.

changes in € have more significant impact on the FD-GS as
the residual SI may be above the noise floor. Thus, as seen in
Fig. 5, decreasing e, i.e., increasing SI cancellation, elicits a

: FD : 2
higher Cj,,, than reducing yy.
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Fig. 6. Impact of SI cancellation, phase noise, and residual interference on the
ergodic sum capacity gain of the NOMA-aided FD-HetNet for Ny = Np =3,
H;,in = 0.1 km, and w =0.1.

Fig. 6 shows the impact of SI cancellation, phase noise,
and residual interference (B ;j,x € {mbs,i}) on the ergodic
capacity gain for UL and DL transmissions, i.e., Ay and
Apr. As explained earlier, increasing € leads to a more
drastic drop in Ay than increasing ﬁp, as seen in Fig. 6.
Furthermore, a slight increase in B,,p5,; and §; ; also leads to
a drop in Apy, as the DL UAVs become limited by residual
interference at high P, regimes. Therefore, Corollary 5 is
confirmed in Fig. 6.

It is worth emphasizing that the analysis in this paper
assumes SI cancellation levels of 137 dB (e = 0.5) to 154
dB (e = 0.01). Such SI cancellation levels have been reported
in [48], where SI cancellation beyond 150 dB was noted.
Therefore, Fig. 5 and Fig. 6 highlights the feasibility of
achieving practical FD-HetNets for NOMA-aided multi-UAV
communications.



V. CONCLUSION

NOMA -aided multi-UAV communications in FD-HetNets is
proposed in this paper as a pragmatic and attractive solution to
address spectrum scarcity in UAV communications. Through
an analysis of the ergodic capacity within a BPP-based
stochastic geometry framework, it is shown that higher ergodic
capacities are attained by the MBS and UAVs in the FD-
HetNet. In addition, the FD-HetNet allows more UAVS to be at
lower altitudes while achieving a higher ergodic sum capacity
and ergodic capacity gains over HD-HetNets. Finally, it is
demonstrated that NOMA-aided multi-UAV communications
in FD-HetNet achieves higher ergodic sum capacity over HD-
HetNets despite weaker SI suppression and stronger phase
noise. Thus, the feasibility of addressing spectrum scarcity in
UAV communications is highlighted.
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APPENDIX A

PROOF OF THEOREM 1

From [44, eq. (5)], the instantaneous ergodic capacity of the
MBS in the FD-HetNet can be written as:

1n(1 +51NRFD)

mbs

_ / exp(-z) [l
0 Z

Nu
X exp ( - Z(p Z dl_nXl + psiYsi,l + psiYsi,Z))dZ. (26)
i=1

—exp (= zpdy ) Xmbs) |

CFD

Thereafter, the ergodic capacity C, . conditioned on dyps

and d; can be given as:

Efin (1+SINRED )| dbs. i}

= /0 " ep(zd) i_z) (1 — Mx,,, (zpd;{z’,s))
x( IN_UI My, (z,odl-_"))Mys,,1 (Zpsi)MYu,z (Zpsi)dz. 27)
i=1

Averaging (27) over the PDFs of d,;,s and d; yields (5).
This completes the proof.

APPENDIX B
PROOF OF THEOREM 3

From (4), SINR}VD comprises uncorrelated RVs, i.e., Y; ;
and Yy, ;, and a correlated RV X;. Using [44, eq. (5)], the
instantaneous ergodic capacity of DL UAV-;j in the FD-HetNet
is:

1n(1+SINRfD) - / exp(=2)
0 Z

exp( X Zak)—exp( 5nszjlak)l

J k=1

-n -n
dmbs,ijhSJ + Z di,jYi,j
i=1

X

dz, (28)

xexp(—zp

From (28), the ergodic capacity CJF D" conditioned on d;,
di j, and dyps,; is:

E{ln (1 +S1NRfD)|d,-,d,~,~,dmbs ,-}

_ [T exp(=2) N
) /0 N MXJ( j; )

&5
(29)

Subsequently, averaging (29) over the PDFs of d;, d; ;, and

dmbs,; yields:
/Lw /“ exp(-2)
L, j 0 2

J
WS

Lq mbs
-n
X / Mymbs,j (prmbs,j)fdmbs,j (mes,j |Wj)dwmbs,j
H,

mbs,j

E{ln(1+SINRfD)} _

j-1
P

X|Mx. |z—

l X’(ZW”Zak

J k=1

Lr mbs
-n
+ / MYmb,w- (prmbs,j)fdmbs,j (mes,j |Wj)dwmbs,j
L

q,mbs

Ny L‘].i
x( 1_1[ [ . My, ; (zpw{j)fd,-,, (wijlw)dwi ;
ij

)fd (wj)dzdw,

(30)

/ Yij prl j)fd, ,(Wt ]|W])dwl J
Ly,

Thereafter, (13) is obtained after simplifying (30). This
completes the proof.

APPENDIX C
PROOF OF COROLLARY 5

Starting with A,,ps, the exact expression can be written in
terms of CX'L in (5) and CH2 in (17) as:

HD
Apps = Cmb‘
P.

mbs
/ / exp( 2 1- mbs (prmbs)
Lm mbs

x( ljU[ T (z,o))MyS,,1 (zpsi) My, , (2psi)

dembs (mex)dZdmes
1 p.mbs oo ex -z )
__/ / p(-2) 1-Mx,,, (zpwm’;)s)
2 Lm mbs 0 Z

Nu
X( [ ] (zp))fd,,,,)s (Wmbs)dzdwmps. (31)

i=1

Thereafter, (23) is obtained after some algebraic simplifica-
tion. The exact expressions for A; and A; are also obtained
in the same manner. This completes the proof.
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