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Abstract

The use of aerial base stations (ABSs) is gaining attention due to its potentials to provide a flexible
wireless coverage in adverse scenarios. Investigations on key performance metrics are desirable to ensure
the feasibility of these ABS-assisted networks, especially when they are jointly designed with advanced
transmission technologies, e.g., cooperative transmissions and non-orthogonal multiple access (NOMA).
In this paper, we consider an ABS-assisted cooperative system with NOMA enabled to boost connectivity
ability. It is assumed that multiple ABSs hover around a macro base station to relay downlink signals
to user equipments, while interfering nodes are randomly distributed on the ground. We assume a more
realistic channel model featured with a distance-related probabilistic line-of-sight and non-line-of-sight
propagation, as well as non-identical small-scale fading. We derive the outage probability, and study
the impacts of various parameters on the system performance. Numerical results unveil that: 1) The
reliability of backhauls plays an important role in the system and determines the outage performance

floor. 2) Joint transmissions from the sky can bring in a significant performance enhancement for the
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system. 3) The NOMA based transmission outperforms the traditional orthogonal multiple access with

an improved outage performance, provided a properly selected NOMA power allocation coefficient.

Index Terms

Aerial base station, cooperative communication, line-of-sight/non-line-of-sight propagation, non-

coherent joint transmission, non-orthogonal multiple access, stochastic geometry.

I. INTRODUCTION

In recent years, we have witnessed a rapid proliferation of unmanned aerial vehicles (UAVs)
in all areas due to the advance in their payload capacity and prolonged battery life [1]. In
wireless communications, with low-cost wireless tranceivers mounted, the UAVs are envisioned
as bringing in a paradigm shift for next generation networks [2], [3]. Compared with terrestrial
base stations (BSs), UAV-mounted aerial base stations (ABSs) present more effective solutions
to overcome propagation constraints and realize seamless coverage in adverse scenarios (e.g.,
disasters, equipment failures, and rough topography) [4]. Besides, the ABSs can also find their
applications in cutting-edge network architectures, such as ultra dense networks to facilitate
traffic offloading [5], [6], and mobile edge networks to assist caching and computing [7].

Meanwhile, driven by the unprecedented increase in user demand, researchers from industrial
and academia are also focused on advanced transmission technologies, such as cooperative
transmissions [8], [9] and non-orthogonal multiple access (NOMA) [10], [11]. In cooperative
transmissions, multiple BSs communicate with each other and jointly transmit signals concur-
rently, leading to an improved cell edge coverage performance. In NOMA, the signals of different
users are multiplexed on the same resource block, enhancing the ability to support massive
connections. Given the considerable performance gain, incorporating above technologies into
ABS-assisted networks will be of great significance and investigations on the key performance

metrics are desirable.

A. Related Works and Motivation

The ABS-assisted communication systems take several advantages. On one hand, transmitting
radio signals from the sky offers communication channels dominated by line-of-sight (LoS)
links, which produce a better received signal quality than non-line-of-sight (NLoS) links. Some

researchers have studied the impacts of LoS link propagation on the ABS-assisted networks.
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Based on the binomial point process (BPP) model, the authors in [12] considered offloading traffic
from the macro base station (MBS) tier to the ABS tier and investigated the impacts of a more
realistic probabilistic LoS propagation model on the system performance. The high possibility
of LoS link has also promoted the applications of millimeter wave (mmWave) transmissions
in ABS-assisted networks [13], [14]. The work in [13] investigated the limitations of physical
vertical beamwidth of mmWave transmissions and proposed a beam scanning approach for the
ABS-assisted network to maximize the achievable rate. In [14], the authors explored the 3D
antenna gain for the mmWave transmission in the ABS-assisted network and proposed a transmit
jamming strategy to improve the secrecy performance.

On the other hand, the mobility of ABSs enables a new framework to improve the system
performance through deployment and trajectory optimizations. In [15], the authors jointly opti-
mized the placement and mobility of the ABSs to provide reliable and energy efficient uplink
communications for internet of things (IoT). In [16], the authors proposed an efficient successive
ABS placement algorithm to achieve wireless connectivity with a minimum number of ABSs.
The authors in [17] considered ABS’s trajectory as a new design dimension to realize energy
efficient ABS communications.

Recently, in the backdrop of ultra dense networking, cooperative communications [18], [19]
and NOMA [20], [21] have also been studied extensively. The performance gain brought in
by these technologies has driven joint designs with the ABSs. In [22], the authors compared
the outage and bit error rate performance of two typical use cases, i.e., the multi-hop single
link scheme and the multiple dual-hop links scheme, and unveiled useful design guidelines for
a multi-ABS based relay system. In [23], a novel clustering scheme was proposed, in which
partially energy-harvesting-powered ABSs cooperatively offload users’ traffic for the terrestrial
cellular networks. In [24], the authors proposed a novel architecture of joint transmission in the
cognitive satellite-terrestrial network associated with an ABS. The work in [13] considered a
NOMA based ABS-assisted network, in which users within the mmWave beam direction were
paired to improve connectivity. The authors in [25] applied NOMA to enhance the capacity
of wireless backhauls. They further maximized the sum achievable rate of all users by jointly
determining the resource allocation, NOMA decoding order, and ABS positions. In [26], a novel
cooperative NOMA scheme was proposed to mitigate the uplink interference without significantly
compromising the achievable rate for a ABS-assisted network.

Inspired by the great potential illustrated in [22], [23], [25], in this paper, we incorporate coop-
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erative communications and NOMA into ABS-assisted networks. To the best of our knowledge,
few effort has been put in this context, especially under the probabilistic LoS propagation and
non-identical small-scale fading condition. The authors in [27] considered a similar mathematical
model, however their work was mainly focused on the terrestrial system, which neglected
the probabilistic LoS propagation feature of the ABSs. Besides, NOMA based transmissions
and PPP based interference modeling were not taken into consideration in [27]. Part of the
investigation was published in [28], and this work extends [28] in following ways: 1) The
deterministic LoS propagation model is extended to a probabilistic LoS propagation model for
air-to-ground channels. 2) NOMA is considered in this work, where multiple ABSs jointly
transmit superimposed signals to more than one users. 3) This paper provides enriched studies

on the impacts of system parameters on the performance metrics.

B. Contributions

The main contributions of the paper are summarized as follows.

1) Modeling of the Cooperative ABS-Assisted Networks with Non-Coherent Joint Transmission
and NOMA: We develop a general analytical framework to study the system performance of
the ABS-assisted network with non-coherent joint transmissions (NC-JT) and NOMA. To be
specific, multiple ABSs are deployed around the MBS and relay the downlink signals to user
equipments (UEs) through wireless backhauls and wireless accesses. NOMA is applied to realize
simultaneous signal transmissions on a single resource block for different UEs. Multiple active
ABSs forward the superimposed signal through NC-JT to allow a coherent power combination
at different UEs. We integrate the probabilistic LoS and NLoS propagation model, as well as
non-identical Nakagami-m fading, which requires tools from combinatorics and complicates the
analysis. We also consider PPP based interfering nodes and resort to stochastic geometry to deal
with the aggregate interference. Then, exact expressions for outage probabilities are provided to
enable numerical evaluation on the system performance.

2) System Design Guidelines: We investigate the impacts of different parameters including
unreliable wireless backhaul, ABS number, and ABS height based on the new developed an-
alytical framework. It is revealed that the reliability of wireless backhauls will determine the
outage probability floor. However, this constraint can be compensated by joint transmissions
with multiple ABSs, and hence brings in a lower system outage probability and higher outage

sum rate. Another observation is that under the probabilistic LoS propagation model, the ABS
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height should be carefully designed to achieve the lowest outage probability. This optimal height
balances the positive impact of increased LoS probability and the negative impact of stretched
communication distances. Besides, the system performance are also influenced by the fading
parameters and the target rates.

3) Comparison with the Orthogonal Multiple Access Scheme: We also investigate the supe-
riority of the NOMA scheme over the traditional orthogonal multiple access (OMA) scheme in
terms of the outage probability, outage sum rate, and energy efficiency. Our study shows that,
an improvement in the outage probability over the OMA scheme can be expected by applying
the NOMA scheme. This improvement can be achieved by properly selecting the NOMA power
allocation coefficient, and is more obvious when the lower priority user requires higher target
rates.

The rest of the paper is organized as follows. In Section II, we describe the considered ABS-
assisted network model and transmission schemes. In Section III, we analyze the statistical
characteristics for the received signals at the ABSs and the UEs. In Section IV, we derive
the outage probabilities for the two transmission phases, respectively. Section V validates our
analytical expressions and provides discussions on the observations obtained through computer

simulation. Finally, conclusions are drawn in Section VI.

II. SYSTEM MODEL
A. Network Model

We consider a downlink ABS-assisted single-antenna network including one MBS, two user
equipments (UEs), and a set of X' ABSs denoted by b, {uj,us},and R = {ry, -+ ,rg, -+ ,rg},
respectively. Assume that co-channel interfering nodes are randomly distributed in the whole 2D
plane R?, forming a PPP denoted by ® = {z;,7 € N} with density \. Set the location of b as
the origin o of the coordinates. With a slight abuse of notation, we also use b, u; (j € {1,2}),
ri, and z; to denote the coordinates of these nodes. The transmit power of b, ry, and z; are P,
P;, and P,, respectively. For simplicity, we assume that all ABSs statically hover around b at
the same height A, and the locations of the ABSs and the UEs are deterministic.

Assume that, due to severe shadowing, no direct communication link exists between b and
u;. This can also be the result of the closed access policy or pre-determined agreement between
the network operator and the users. Therefore, the downlink service for u; relies on the ABSs

in R, which retrieve data signals from b. We term wireless backhaul and wireless access to
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Fig. 1. Network architecture of the ABS-assisted network: 1) ABSs receive users’ data through wireless backhauls from the

MBS, and then provide wireless accesses for u; and uy through NC-JT and NOMA. 2) The signals for u; are assigned more
power, hence SIC is activated at uz to remove inter-user interference. 3) Both wireless backhauls and wireless accesses are

disturbed by interfering nodes.

differentiate the link from b to the ABSs, and that from the ABSs to the UEs. An example of

the considered network model is illustrated in Fig. 1.

B. Channel Model

Let Dk, Dy ;, Zi7k, and Z;; be the distances from b to r;, from r; to u;, and from z,
to r, and u;, respectively. Then, as shown in Fig. 2, the communication system involves air-
to-ground (A2G) channels and ground-to-ground (G2G) channels. We apply distance-dependent
probabilistic LoS propagation models. Under this model, radio signal attenuation probabilistically
follows LoS propagation with a lower path-loss exponent and Nakagami-m small-scale fading,
or NLoS propagation with a higher path-loss exponent and Rayleigh small-scale fading.

1) A2G Channel: The ABS-assisted network takes the advantage of a higher chance to avoid
blockage by transmitting signals through A2G channels, which apply to the wireless backhauls,
e.g., from b to r;, the wireless accesses, e.g., from r; to u;, and the interference links between
the interfering nodes and the ABSs, e.g., from z; to r;. To facilitate analysis, we resort to the
channel model applied in [12] to calculate the occurrence probability of LoS A2G link. Let ¢
be the elevation angle, which is calculated in degree, from a ground terminal to an ABS. Then,
the occurrence probabilities of LoS and NLoS links are determined by

1

PaL(¢) = 1+ cexp(=b(¢ — ¢))

and PAN<¢) =1- PAL(Qb); (1)
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m MBS e ABS —>  A2G desired signal link
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Fig. 2. Illustration of the distances and small-scale fadings: 1) Dy, Dy, 5, Zi,k, and Z; ; in black are the distances from b to
ry, from ry to uy, and from z; to ry and uy, respectively. 2) ilk,mk, hik,jmp ;> Giskyms and gij,m in red are the small-scale

channel power gains for the links from b to rj, from ry to u;, and from z; to r; and uy, respectively.

where b and c are constant values depending on environments. It is revealed in (1) that with
a larger elevation angle, the radio signal transmission is more likely to experience the LoS
propagation, which is in line with reality. Note that in the practical scenario, the wireless backhaul
may not be symmetric to the wireless access due to open area deployment of the MBS as surveyed
in [29]. However, in the dense urban scenario, b may also be a small cell base station, which
is easily blocked by buildings. In this case, the ground-to-air link may also be full of scatters,
so that applying (1) to determine the LoS probability is still reasonable. As shown in Fig. 2,
for the link between b and ry, the elevation angle can be calculated as ¢, = arcsin (D%) For
simplicity, we rewrite the occurrence probabilities in (1) as the functions of the distance between
the transmitter and receiver, e.g., Par, <Dk>, given that all ABSs hovers at the same height h.

Denote by (b, Crk,uj, and (, r, the channel power gain from b to rj, from r; to u;, and
from z; to ry, respectively. It is assumed that the path-loss exponents o, and ay (2 < ag, < an)
for LoS and NLoS propagation is represented by «. Then, taking both path-loss and small-scale

fading into account, we have
_ Do, _ -« o
Cory = Dy " iy Cl"muj - Dk,j hkd}mk,j? and Gz r, = Zz‘,k Ji ks 2)

where ﬁk,mk’ hk,j,mk,j’ and g; i are the small-scale channel power gains from b to rj, from ry,
to u;, and from z; to ry, respectively. Upon applying the Nakagami-m fading assumption for

the LoS propagation, ilk;,mk, P jmy, ;» and G; k. m are independently gamma distributed with shape
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parameters my; € NT, m, ; € N, and . € N, and scale parameters 1/, 1/my.;, and 1/m.!
Note that we consider non-identical Nakagami-m fading for the desired signal links, i.e., ﬁkmk
and Ny jm, ;» Which are reflected by the variations in 7y and my ; for different k& and j. As for
the interference links from z; to ry, identical Nakagami-m fading with a fixed m is adopted
for simplicity. Also note that, by setting the shape and scale parameters to be 1, the gamma
distributed random variable naturally degrades to be exponentially distributed, yielding Rayleigh
fading for the NLoS propagation.

It should be noted that, the LoS propagation probabilities in (1) prohibit closed-form ex-
pressions in the theoretical analysis. Therefore, we will also simplify the A2G channel to a
deterministic LoS propagation model as a special case, in which all signals transmitted and
received at the ABS will certainly experience the LoS propagation. This will improve the
tractability in the system performance analysis.

2) G2G Channel: The G2G channels apply to the interference links between the interfering
nodes and the UEs, e.g., from z; to u;. Compared with the A2G channels, they are likely to
be blocked at a much higher probability, for which the occurrence probabilities for the LoS and
NLoS links are determined by [30]

1— Z;’j, if 0 < Z,; <d,
PerL(Zij) = Pon(Zi;) =1 —Par(Z;), 3)
0, if Zi,j > d,

where d is a distance threshold depending on environments. By setting a smaller d, (3) depicts
a scenario in which the ground terminals are surrounded by more obstacles. Moreover, (3) also
shows that a UE is more likely to be interfered through the LoS propagation if the interfering
node lies in a shorter distance Z; ;.

Denoting by (y, u; the channel power gain from z; to u;, we have
Czi,u]- - Z;jagi,j,ma (4)
where g; ; , 18 the small-scale channel power gain, and is identically and independently gamma
distributed with fixed shape parameter m € N7 and scale parameter 1/m. Similar to the A2G

channel, we set o = oy, and @ = ay for the LoS and NLoS propagations, and reduce m to 1 to

yield Rayleigh fading for the NLoS propagation.

'Some correlation may exist between the A2G links, especially for the suburban and rural scenario. Hence, the independency
assumption in this paper is more suitable for the dense urban scenario, where a lot of tall buildings may exist and they enrich

the scatters around the ABSs.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 14, NO. 8, AUGUST 2019 9

C. Cooperative Transmission Scheme

Since no direct communication link is available from b to the UEs, the downlink transmission
requires the assistance of ABSs in R, which are working as relays. This implies that the users’
data is delivered through a two-stage transmission protocol involving the wireless backhaul and
the wireless access.? To be specific, in the first stage, b broadcasts the downlink data signals to all
ABSs through wireless backhauls. After receiving the signals, each ABS will decode the data and
check if it is correctly transmitted. According to the decoding results of the wireless backhauls,
the ABSs will be divided into two groups, active ABSs that have successfully received the
backhaul data, and idle ABSs that have failed to decode the backhaul data. In the second stage,
the active ABSs will jointly forward the received signal to the UEs through wireless accesses.
Above protocol is also referred to as selective decode-and-forward (DF) relaying scheme [31].

To realize low-complexity cooperative communications, we assume that the active ABSs apply
NC-JT to forward the signals in the wireless access. The NC-JT is most commonly adopted and
easy to be implemented in cooperative systems. It takes the advantage of reduced overhead
exchange among transmitters as a tight synchronization is not required. The basic idea of NC-
JT is to make each transmitter directly transmit the same signals, of which only the phases
are compensated. By carefully designing the cyclic delay length of each transmitters, a coherent
power combination can be achieved at the receiver, yielding cyclic delay diversity and improving
the signal-to-interference-plus-noise-ratio (SINR) from transmission [8], [18]. Mathematically,
this coherent power combination is reflected as the sum of the channel power gains. Since the

amplitude information of the channel is not utilized, this combination is evidently sub-optimal.

D. Downlink NOMA Transmission

We assume that the ABSs apply a power domain NOMA to simultaneously serve u; and uy
on the same resource block. It is recognized that user detection ordering plays an important role
in NOMA-based systems. A simple way is to order users according to their channel qualities, in
which the performance gain of NOMA will diminish when these users statistically hold similar

channel quality. Therefore, we consider another user pairing criterion in which users are ordered

This dual-hop protocol can be extended to multi-hop relaying scenarios as presented in [22].
3We consider DF relaying instead of amplify-and-forward (AF) relaying. This is because, although AF relaying can reduce
complexity at the ABSs, it will also bring in severe performance degradation for the NC-JT. Besides, by limiting the NOMA

user number by 2 as recommended by 3GPP, the complexity will still be acceptable.
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according to their quality of service (QoS) requirement. Specifically, assume that u; demands
higher priority to access the network but is with a lower transmission rate requirement R;, such
as [oT devices, while uy can tolerate a longer delay but asks for a higher transmission rate R,
(R2 > Ry), such as file downloading users. Let s; be the signal for u;. In the power domain
NOMA, s; and ss are superimposed and the transmit power is divided according to the power
allocation ratios [3; and (,. To guarantee the priority of u; and a fixed total transmit power, we
have 8, > 5 and [5; + B2 = 1. For simplicity, we use the same power allocation ratios for all
wireless backhauls and wireless accesses.

The received signals at the ABSs and the UEs are composed by s; and s,, and they will
cause inter-user interference to each other. To mitigate the inter-user interference, we assume
that successive interference cancellation (SIC) is employed at each receiver. According to the
optimal decoding order of NOMA, s; should be decoded before s, at the receivers as shown
in Fig. 1, because more power is allocated to s;. Note that although we consider a two-user
NOMA-based system for simplicity, which is recommended by 3GPP due to the complexity of

SIC, our analysis framework can be easily extended to the case of more than two users.

E. Performance Metric and SINR Model

We take the outage probability as the key performance metric, which measures the occurrence
probability of the event that the transmission rate is lower than the target rate. According to the
Shannon formula, the target rates R; and R, can be translated to the target SINRs given by
e, =2% — 1 and e, = 212 — 1.

For the wireless backhauls, the SINRs ~,, ; and 7, 2 of s; and sy at r; can be calculated as

B B1PoCo,ry, B BiWh.r,
’Yf'kvl - 2 9 (5)
Zzieé PZCZi,I‘k + ﬂQPbgb,I‘k to ]rk + BQvark +1
B2PoCo.r, oWy, ©)

%‘IWQ - Zzieé PZCZi,I‘k + 02 N Il‘k + 1 ’

where Wy, r, = pulor, 1S the receive-side signal-to-noise-ratio (SNR) at ry, o?

is the power
of additive white noise, p, = P,/0® and p, = B,/0o? are transmit-side SNRs, and I, =
Zzi@, PzCz, v, 15 the aggregate normalized interference from all interfering nodes to ry. It is
revealed in (5) and (6) that, since s; is decoded before s, according to the decoding order of
NOMA, s, will interfere with the decoding process of s;. In contrast, interference caused by

s1 interfering with s, can be cancelled with the SIC if and only if s; is successfully decoded.
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In our considered protocol, an ABS becomes active to provide wireless access if it successfully
decodes both s; and s, in the wireless backhaul. Thus, the outage probability O,, for r; can be

formally defined as

Ork =1-P (Vrk,l > €1, Vri,2 > 62) ) (7)

where P(-) measures the occurrence probability of an event. For notation brevity, we set py =
1 — 0O,,, which also represents the active probability for r; and stands for the reliability of the
wireless backhaul.

For the wireless accesses, the SINRS vy, 1, Vu,,1, and Yy, 2 of 51 at u; and uy, and s, at uy

are calculated as

BlWI‘ ui
u - . 5 8
’y 1’1 IU1 + 52Wr,u1 + 1 ( )
BlWr u? /82Wr u2
el = : , and Yy,0 = — 9
Yuz,1 Tas & BoWem, +1 Vuz,2 To 41 )

where [, = Zzi ca PzCa;u; 18 the aggregate normalized interference from all interfering nodes
to uy, Wy, = Zle W, u, Ik represents the sum of receive-side SNRs of all branches from all
active ABSs, and [ is an indicator equaling 1 if r is active and 0 otherwise. Because the active
probability of ry is pg, we have P (I, = 1) = p; and P (I = 0) = 1 — pi. Note that the NC-JT
relies on a carefully designed delay length instead of precoding to realize the combination of
transmitted signals at the receivers, which is also referred to as cyclic delay diversity. Therefore,
coherent power combinations in W, ,, and W, ,, are achievable for u; and u, simultaneously,
which is hard for precoding based transmit diversity [32]. Rigorous derivations can be found
in [8], [18]. Then, similar to (7), the outage probabilities O,, and O,, for u; and u, can be

formally defined as
Ow, =1—P(yu1>€1), (10)
ou2 =1—-P (’711271 > €1, Yuo,2 > 62) . (11)

For clarity, we use Wb,rk, er,uj, eruj, frk, Dk, and @uj to differentiate the notations under

deterministic and probabilistic A2G models.

ITI. DISTRIBUTIONS OF THE RECEIVE-SIDE SNR

To obtain the outage probabilities, it is necessary to study the statistical characteristics of the

SINRs, for which we start by analyzing the distributions of W4, ., and Wi ..
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A. Receive-Side SNR Distribution for the Wireless Backhaul

According to Wy, y, = pulbr, and (2), we can see that Wi, ., follows gamma or exponential
distributions according to the LoS conditions as

1
4 Exp (ﬁ_k) , if NLoS,

Whr,, ~ (12)

Gamma (1, 0;) , if LoS,
where Exp (0) is the exponential distribution with parameter #, Gamma (m, ) is the gamma
distribution with shape parameter m and scale parameter 0, ¥, = prk_"‘N, and 0, = pb[)k_O‘L /1.

So the complementary cumulative distribution funcion (CCDF) of W4, ,, is calculated as
Fy,,, (w) =P Wy, > w)
N 1 N
— Pax (Dk) ExpCCDF (w, 19—> + Py (Dk) GamCCDF (w, iy, 6),  (13)
k

where ExpCCDF (w, #) is the CCDF of exponential distribution with parameter #, and GamCCDF (w, m, 6)

is the CCDF of gamma distribution with shape parameter m and scale parameter 6.

B. Receive-Side SNR Distribution for the Wireless Access

We firstly provide the distribution of Wy, ., which is similar to Wy, .,

1

Exp (—) , if NLoS,

d Uk j

Wrpu, ~ (14)

Gamma (my, ;,0y;), if LoS,
where ¥, ; = prD,;?N and 0y ; = prD,;;.’L /my ;. Then, given that the wireless access is composed
of the coherent combination of powers from different active ABSs, the cumulative distribution
funciton (CDF) of W, ,; is provided in the following Lemma 1.

Lemma 1: Under the probabilistic LoS A2G propagation model, the CDF FWr’uj (w) of the
receive-side SNR W, ,,; for the wireless access constituted by all links from active ABSs to
u; under the NC-JT and NOMA is given in (15), shown at the top of the next page, where
GamCDF (w, v, #) is the CDF of gamma distribution with shape parameter v and scale parameter 6,
Q= Hszl(l—pk), Mejvs Mk jws Qkw» and Py, are given in (16), (17), (18), and (19), respectively,

shown at the top of the next page, and (Z) =1 “;) denotes the binomial coefficient.*

a—>b)!b!

*In (15), the summation over v from 1 to ay is naturally eliminated when az = 0.
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Fu =03 ST (2

t1=0 tr=0k=1

) Z Z HP D’w PXCL% (Dk:J)

1 —
Pk a1=0 arg=0k=1

K aj my (tk—ar)
Nk, j,v M50
X 5 E — . ——>——GamCDF (w, v, ¥, ;) + E ﬁGamCDF (w,v,0;;) | . (15)
=1 v=1 k.]) v=1 ( kv])

1 ag K a, + Gn — 1 19”] —0n—(4n
o= (o) ST (( 0 o (- 22)
Uki) o ntmk fn Uk
K — My '(tn_an)_pn
mn](tn_an)+pn_l> D ( Qn]) N
x : e (1 — 2t , (16)
H (( Pn " ﬁk,j

n=1
1 my,j (tk—ak) K a, + On — 1 ﬁn 2\ “9n—dn
(R e )
K —Mn ‘(tn*an)fpn
n,j 0, .
n=1,n#k Pn k.
K K
Qk,l/: {(qh' 4K, Py '7pK)|an+an:ak_V7 an € Napn € N7 QkZO}, (18)
n=1 n=1

K K
Pk,V: {(QIV 4K, D1y 7pK)’ZQn+an:mk,g<tk—ak)_V> QTLEN7pn S N7pk20} (19)

n=1 n=1

If the A2G channel degrades to the deterministic LoS propagation model, then FWr,uj (w) will
be simplified as Fy; = (w)

P (1) = QY ZH(

t1=0 tr=0k=1

tr K mgtg ~
) ZZ Mg 22— GamCDF (w, v, O, ;), (20)

1 —ps k=1 v—=1 (=0.;)~

where /i, ;,, and 75k,y are given in (21) and (22), respectively, shown at the top of the next page.

Proof: See Appendix A. [ ]

IV. DOWNLINK PERFORMANCE ANALYSIS

In this section, we study the downlink performance of the ABS-assisted system, including the

active probability for the wireless backhauls, as well as the outage probability for the wireless
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R 1 g s mpy jtn + Pn — 1 92”]
b = (_%) Z H < Dn ) (1 9 ,)mn,jtnwn ’ @)

N _ n,j
Pr n=1,n#k _ek,j

K
Py = {(pl;"' 7pK)|an:mk,jtk_Vapk:0}- (22)

n=1

acCesses.

A. Active Probability for the Wireless Backhaul

The active probability of the ABS is defined by the occurrence probability of this ABS being
able to successfully decode s; and sy simultaneously. It measures the reliability of the wireless
backhaul from b to the ABS, and decides if this ABS can contribute to the wireless access. The
following Theorem 1 provides the active probability pj for ry.

Theorem 1: The active probability p; for r; is given by

B ~ S S ~ &) (&)
Pr = Pan (Dk) exp 0. Lr,, N + PaL (Dkz> exp o, E o,
1=0

e L, (&
Xzé —1)@! 2 HHil(m!))

nr
K

< [T | 27 / [ Pan(z) (=puz=™)” (m— 1+T> Pan(e) (Z2) | . (23)

T+1 o T+m

where Nn = {(n17 Ny e 7nﬁ)|nT S N> Zle T Ny = H}a 51 = /31_21/32’ 52 = Imax {gla ;_22},
and L;(s) = E; [e™!] is the Laplace transform (LT) of I given by

0 P
L’Irk(s) = exp —27r)\/ 1— AN(ZE — Paclz) = | 2dz | . (24)
h L+ 8ppz™®N (14 2xpmar)

Proof: See Appendix B. [ |

It 1s shown that the active probability in (23) involves an one-fold integral, which is due to
the intractability in the occurrence probability of the LoS A2G propagation in (1). As a main
feature of ABS assisted communications, the LoS propagation probability for the A2G link is
much higher than that of the G2G link. Given this fact, we simplify the A2G channel model



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 14, NO. 8, AUGUST 2019 15

to a deterministic LoS propagation model. This allows us to reach a closed-form expression for
the active probability given in the following Corollary 1.
Corollary 1: Under the deterministic LoS A2G propagation model, the active probability py

(S B ROFTARE) e

K=

for ry is given by

The LT £ i, (s) and its k-th derivative Ll i (5) are respectively given in (26) and (27) as

Tk

” h?—naL ~ 2 1
‘Cl}k( s) —exp( QWAZ ( ) <5p ) o _2G (m,n— Oé_L’_D_H>) ) (26)

K

- T et (er( )

(n1 =1

L\T hETTon 2 1 '
X (p_) Gm+rr— = —— , 27)
m/ Tor, — 2 ar, Dy

where G(a,b,c) = 2Fi(a,b;b+ 1,¢) is the Gauss hypergeometric function [33] and can be

efficiently computed by the build-in function “hypergeom” in MATLAB, and Dy = %h%.
Proof: The calculation of p; in (25) directly follows the same way as pyr, in (49) provided
in Appendix B. Then £ i, (s) is calculated as

1
Efl"k (S) = Eq; H ]EZz,k ™
z, €P <1 + sz sz )
Th S,Dz " —nog,
@ exp 2)\/ 2"1 ) (GF) 2 2dz ) | (28)
1+ Lzz—er)™

where (g) is achieved by using the PGFL of PPP and binomial expansion. With the help of
Gauss hypergeometric function, we can obtain the expression for £ e, (s) provided in (26).
Finally, the expression for E;fﬁ) (s) can be calculated as in (27) by utilizing the Faa di Bruno
Tk

formula [34]. The detail of the derivation is omitted due to space limit. [ |

B. Outage Probability for the Wireless Access

With p;. and the CDF of W, the outage probability for u; can be easily derived, and is

provided in the following Theorem 2.
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(—Qk,j)_”( Xp( Ok lz Orj NZZO k)1 T\ Oy @

d Q20N 2 1
Ly, (s) =exp (—27T>\§G (1, i, —DN) _om\P (1, [—— __)>

AN aN — 2 QAN DN

X exp —271')\2( > < ) dm—mer+2
Spy,

G(mm—n—l———DL> G(mm—n—i———DL)

x (m —n)ag, + 2 B (m —n)ay, +3 ’ 30)

| 24+an ,—1
L) (s)= Z L, (5)[ ] {2mA(-1)7 d—pZG< L1, 2 1 —DN>

’ (n1,- ) EN HT 1(717- ) T=1 (3 T aN)ST+1
prd?oToN 2 1 m—1+71 m\"
P22 17— 2 _ - s
+TOéN—2 (T+ 7 an’ Dy + m—1 Pz
JmoL+2 G(m+7’,m+%,—DL> G(m+7,m+%,—DL> ’
— . (31
gTtm maog, + 2 maor, + 3 GD

Theorem 2: The outage probability Oy, for u; is given in (29), shown at the top of this page,
where the LT £, (s) of I, and its x-th derivative L’(”) (s) are respectively given in (30) and
(31), also shown at the top of this page, Dy = and Dy =2 dO‘L

Proof: Similar to Theorem 1, the derlvatlon can be readlly conducted for the general .J-

user case, so that we will mainly focus on the 2-user case. By defining & = 61:1 5 and

& = max {51,;—2}, we can express Oy, and Oy, with one unified expression as O,, =

P (Wew, <& (I, +1)). Then by setting w = &; (I, + 1) and using (15), we can reach the
expression for Oy, provided in (29), involving the x-th derivative of the LT of I,;. Noting that
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the ground interfering nodes can be any close to u;, we can calculate £ L, (s) as

exXp <_S Z ngzi,uj) H ECzi,uj [eXp (_szgzi,uj)}]

z, €D z,€P

ﬁ[uj (S) =K = E@

W g,

H Kz, .gim [PGN (Z; ;) exp (_szZiTjaNgi,jJ) + Par (Zi ) exp <_szZi7jaLgi,j,m)}]

z; €D

i d 1 1
(——)exp —2TA / 1—3—— (1—3) — | zdz
0 d 14 sp,z=ox d/ (14 22z
+ /00 1 L d (32)
— ) zdz
d 1+ spyz—oN ’

where (h) follows from the probabilistic LoS and NLoS G2G interference propagation, and (i) is

obtained by utilizing the PGFL of the PPP and (3). With the help again of Gauss hypergeometric
function, we can achieve the expression for £ L, (s) provided in (30).

Finally, by applying the Faa di Bruno formula, we can evaluate 4’;) (s) provided in (31). H

Under the deterministic LoS A2G channel model, the outage probabiljity Oy, will be simplified
as @u and is provided in the following Corollary 2.

Corollary 2: The outage probability (9 for u; under the deterministic LoS A2G channel

model is given by

—or- M2 B Y i

t1=0 tg=0k=1 k=1 v=1

( (R EO () e

where /i, ;,, and Eg’: (s) are given in (21) and (31).
Proof: The proof follows a similar procedure as the proof of Theorem 2. [ ]
It can be seen that @uj and Oy, share the same Lg’:(s) This is because switching the
probabilistic LoS A2G channel to the deterministic one will not influence interference from
z; to u;. Although (33) is presented in a closed-form, the expression is still complicated to
analyze the outage performance. Thus, we further provide the outage probability expression in
the high transmit SNR region in the following Corollary 3 to study the impact of the unreliable
wireless backhauls.
Corollary 3: In the high ABS transmit SNR region, i.e., p, — o0, if the transmit power

of the interfering nodes is fixed, then the outage probability O - for u; can be calculated by

Ou, = Hk:1( _pk)-
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Proof: By the definition of the Gauss hypergeometry function, it can be proved that when
s — 0, we will have £, (s) — 1, s'- Lgi) (s) — 1 for [ = 0, and s' - £§i) (s) = 0 for I > 0.
Thus, finally we can obtain the expression for @uj. [ |

Corollary 3 shows a floor for the outage probability, which will be discussed in Section V.

C. Comparison with the Orthogonal Multiple Access-Based Transmission

We finally compare the outage probability of the NOMA system with that of the OMA system,
e.g., time division multiple access (TDMA). In TDMA, to avoid interference between each other,
u; and u, should take turns to be served. Given the same spectrum bandwidth, such transmission
requires twice as many time resources as NOMA. Hence, in the serving duration of each UE
in the OMA system, the transmission should support twice as high as the rate targeted by
the NOMA system. Under the above OMA protocol, the conditions provided in the following
Corollary 4 will suffice to summarize the advantage of NOMA over OMA in the aspect of outage
probability.

Corollary 4: The NOMA transmission will guarantee higher reliability for the wireless back-

22R27R1 -1

haul than the OMA transmission if 21.;%“ < [y < ST T is satisfied. Meanwhile, for the

wireless access, a lower outage probability can be expected under the NOMA transmission for

2Ro—Rq __ . .
22 T1-1 g satisfied.

. 1 . . . 1
u; if 52 < FI1 is satisfied, and for us if Rt < ﬁg < PR

Proof: With the additive noise omitted, the reliability of the wireless backhaul for NOMA
and OMA are respectively given by

NOMA __ P Wb,l‘k 2f —1 Wbyl‘k 2f — 1
Py - > R ) > )
Il‘k 1 - 2 1/62 _[I'k /62
W)
pPMA =P (=2 > 92 1) (34)
Iy,
Hence, a lower outage probability can be guaranteed for NOMA if 12_1;}:;2 < 222 1 and
% < 2%/ — 1 are satisfied at the same time. This requires 5z < f2 < % As for
the wireless access, the derivation follows a similar way and is hence omitted. [ ]

Above Corollary 4 provides instructions on how to properly select the NOMA power allocation

coefficient, and will be further discussed in Section V.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we firstly compare the outage probability results with the Monte Carlo simulation-

based results to verify the accuracy of the analytical expressions. Then, we study the impacts



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 14, NO. 8, AUGUST 2019 19

of main system parameters including the reliability of the wireless backhaul, ABS number,
and target transmission rate on the performance metrics. Finally, we also compare the system
performance of the NOMA-based transmission with the basic OMA-based transmission.

We consider a dense urban environment, for which the environment parameters to determine
LoS and NLoS propagation are set to be b = 0.136, ¢ = 11.95 as in [12] for the A2G
channel, and d = 400 m as in [30] for the G2G channel. The power of the additive white
noise is 02 = —90 dBm. The system performance is investigated under two location sets, i.e.,
S1 and S, in Cartesian coordinates both including K = 4 ABSs. In specific, we have R =
{(50,0),(0,100), (—150,0), (0,—200)} for S; and R = {(50, 50), (—50,25), (0, —50), (50, —50)}
for Sy, while the locations of the UEs are fixed at u; = (—50, —50\/3) and uy = (—50,0). Unless
otherwise stated, the height of the ABSs is A = 50 m, the NOMA power allocation coefficient
for u; is f; = 0.7, the path-loss exponents are oy, = 2.8 and ay = 3.8 for LoS and NLoS links,

respectively, the Nakagami-m parameters are m = 4, m = 3, and my; = {4,4,2,2;4,4,2, 2}

1

and the interfering node density is A = 55—

per square meter.

A. Validation of Results

We firstly validate our analytical expressions for the outage probability under different in-

terfering node densities (i.e., A = and

nodes per square meter, respectively) in

1 1
50027 25027

Fig. 3a and Fig. 3b. The analytical results are examined by comparing with link-level simulation
results, which are averaged over 100000 independent runs. The simulations are performed in
a large circular area with a radius of 25 km. The accuracy investigations are performed under
location sets S; and S,, respectively, where probabilistic LoS A2G channel is applied for S; with
my = {4,4,2,2} and deterministic LoS A2G channel is applied for S, with m; = {3, 3,2, 2}.
The target rate of u; is fixed as Ry = 1 bps/Hz.

Fig. 3a plots the outage probabilities O,, and O,,, with the target rate R,, while Fig. 3b plots
the same performance metric with the transmit power P of the MBS. Both figures show that the
derived outage probability results perfectly match the simulation results for both probabilistic
and deterministic LoS A2G channels. This confirms that our following studies on the impacts of
other system parameters and the superiority of NOMA are valid. Another observation in Fig. 3a

is that, with the increase of Ry, O, will also deteriorate, although R; is fixed for u;. This is

3 According to [35] and some modifications, we only consider m < 4 in the simulations.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 14, NO. 8, AUGUST 2019 20

1 ‘ " 1 . T
o b:m: u, Ssl o Sim: uy, Sy
—Ana: uy, § —— Ana: uy, S;
- o S—\un: uy, Ssl o Sim: uy, S;
E) - a . S &
0.8+ Ana: uy, 51 B | —— Ana: uy, S;
2 v Zlm: u, qu 2 0.8 o Sim: uy, Sy
= ——Ana: uy, Sy = —Ana: uy, S
‘T‘H A S\im: uy, %2 | @ o Sim: u;, S; L
3 —— Ana: uy, S; 5 —Ana: uy, Sy
c;) 0.6 na: us, Sy S o6l Ana: uy, Sy
= = 25027
3 2
E) 0.4F T’?? 0.4 A
= 02t Z 02 3
g o2 Z 02 - L\%ﬁ
0] 0 ; aw

i 3 3 I 5 6 9% =5 -0 =5 0 5 10 1
Target rate Ry for uy in bps/Hz Transmit power P, of the MBS in dBm

(a) Accuracy investigation against varying target rate R> (b) Accuracy investigation against varying transmit power

with P, = 40 dBm and P, = P, = 37 dBm. Py, with P, = P, = Py /2 and target rate Ry = 2 bps/Hz.

Fig. 3. Outage probabilities Oy, and Oy, vs. target rate R2 and transmit power P, of the MBS under various interfering node
density A with R1 = 1 bps/Hz. Probabilistic LoS A2G channel is applied for Si with m, = {4,4, 2,2}, while deterministic
LoS A2G chanel is applied for Se with 7y = {3, 3,2,2}.

because the data transmission of u; also relies on the relaying function of ry, which will be
active only if the data for u; and u, are both successfully decoded in the wireless backhaul. In
Fig. 3b, it is shown that the outage probaiblity will decrease with the increase of the transmit
power P, and P.. However, an outage probability floor can be observed for all cases. Because
the transmit power P, is set to be proportional to P}, and F,. With the increase of transmit power,
the system will become interference limited instead of noise limited, for which transmitting with
more power will not bring in any improvement in the outage performance. Fig. 3b also presents
another floor caused by the wireless backhaul for location set S;, which will be investigated in
Fig. 4 later. Besides, an outage probability increment can be observed in both figures for the

denser interfering nodes scenario, which is in line with intuition.

B. Impacts of System Parameters

Based on the derived analytical expressions, we will now study the impacts of various pa-
rameters including the wireless backhaul reliability, ABS number, and target transmission rate
on the performance metrics.

1) Impacts of Backhaul Reliability and ABS Number: In Fig. 4a and Fig. 4b, we investigate
the impact of the reliability of wireless backhaul. To this end, we fix the active probability of
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each ABS at different level p;, = p to study the system outage probability and outage sum rate
for various target rates for u, (i.e., R; = 2 bps/Hz and 4 bps/Hz). The results are obtained under
location set S; and the target rate for u; is fixed at R; = 1 bps/Hz. We also fix the power of
the interfering nodes as P, = —20 dBm, hence the system stays in the noise-limited region.

Fig. 4a plots the system outage probability Onxonma, Which is defined as the probability that u;
or u, is not able to successfully decode its signal. The results show that an outage probability
floor exists with the increase of P, for all cases under a specific backhaul reliability. According
to Corollary 3, this floor is determined by the value of p instead of R, or the A2G channel
model. This is because the success transmission probaiblity of the wireless access will approach
one with the increase of P, in a noise-limited system, therefore the overall outage performance
is constrained by the wireless backhaul. Besides, in low transmit SNR region, the system can
expect a better outage performance under the deterministic LoS A2G channel due to the benefit
of LoS link signal transmission.

Fig. 4b shows similar performance floors due to the constraint of wireless backhaul by
plotting the outage sum rate of the system, which is by definition calculated as Ry (1 — Oy, ) +
Ry (1 — Oy,). It shows that p is one of the decisive parameters for the outage sum rate. The target
rate R, is also playing a dominant role, which is fairly self-explanatory through the definition
of the outage sum rate.

In Fig. 4b, we also study the improvement brought in by deploying more ABSs. For two
investigated active probability (i.e., p = 0.8 and 0.9), we obtain the results by choosing the first
K coordinates in location set S; and first K columns in my, ;. The results show that, under the
same target rate Ro, a higher outage sum rate is achievable when more ABSs are deployed.
The reason is two-fold. On one hand, more ABSs increase the diversity for the wireless access,
because the transmit power of each active ABS can be coherently combined at both u; and u,
concurrently, with the cyclic delay based NC-JT. On the other hand, adding ABSs can improve
the reliability for the overall wireless backhaul, which determines the outage probability floor
as discussed previously. As the evident, the performance gap between p = 0.9 and 0.8 shown
in Fig.4b is much smaller when more ABSs are deployed. This indicates that the constraint of
unreliable wireless backhaul can be compensated by increasing the number of ABSs.

2) Impacts of ABS Height and A2G Channel Model: In Fig. 5a, we plot the system outage
probability Oxoma With ABS height h under probabilistic and deterministic LoS A2G channel.

The results are obtained under location set S; with my;, = {4,4, 2,2}, the target rates are Ry =
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Fig. 4. System outage probability Oxoma and outage sum rate Ry (1 — Oy, ) + R2 (1 — Oy,) vs. transmit power P, of ABSs

under various values of active probability pj and target rate Ro, with P, = —20 dBm, location set S, and R; = 1 bps/Hz.

1 bps/Hz and R, = 2 bps/Hz, and the transmit powers are F}, = 40 dBm and P, = P, = 37 dBm.

It is observed that, an optimal height exists for each curve under probabilistic LoS A2G
channel to obtain the lowest Ononma. On the contrary, Ononma Will monotonically increase with
h under deterministic LoS A2G channel. Recall that, with (1), the signal transmission will be
more likely to experience LoS propagation at a higher altitude under the probabilistic model.
So transmissions from the sky result in a positive impact on the outage probability. However,
as h increases, the transmission distance is stretched, so that an additional attenuation can be
observed from the transmitted signal. Therefore, the two counteracting impacts will be balanced
and lead to an optimal height. As for the deterministic LoS A2G channel, increasing h will only
bring in a negative impact on the system performance. This is because the propagation condition
of the A2G transmitted signal is not related to i and will certainly experience LoS propagation.

3) Impacts of Nakagami-m Parameter and Rate Requirement: Fig. 5b plots the system outage
probability Onoma Wwith target rate R; for u; for various indentical Nakagami-m parameters,
(i.e., the Nakagami-m parameters for different links equal the same m) and R,/R; ratios. The
location set is S; under probabilistic LoS A2G channel, and the transmit powers are fixed at
P, =P, =20 dBm and P, = 0 dBm.

The results in Fig. 5b show that Onxonma Will increase with m. This is in line with the

property of Nakagami-m fading that a larger m represents a better gathering effect of the
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Fig. 5. System outage probability Onoma vs. ABS height ~ and target rate R; of u; under various values of ABS number

K, Nakagami-m parameter, and R2/R; ratio, with location set Si.

propagation. Nevertheless, the performance gap is not obvious, especially when m is given
a larger value. Moreover, the results also show that the system outage probability increases as

the rate requirement of either u; or u, increases.

C. Comparison with OMA Transmission

We finally compare the NOMA and OMA transmissions from the aspects of backhaul relia-
bility, outage probability, outage sum rate, and energy efficiency in Fig. 6 and Fig. 7.

Fig. 6a and Fig. 6b plot the backhaul reliability and outage probability with NOMA power
allocation coefficient 5, under NOMA and OMA transmissions. The location set is S; with
my = {4,4,2,2} under probabilistic LoS A2G channel, the transmit power of the interfering
nodes is P, = 37 dBm, and the target rate is R; = 1 bps/Hz. Since OMA involves in no power
partitioning among UEs, the results of the OMA case remain unchanged with ;.

Fig. 6a firstly compares the backhaul reliability p, of NOMA with that of OMA under P, =
40 dBm. The results show that NOMA can bring in a more reliable wireless backhaul than OMA.
But this superiority closely depends on the value of the NOMA power allocation coefficient /3.

To achieve higher backhaul reliability, 3, should satisty ﬁ < Py < %, which suggests
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(a) Backhaul reliability comparison with P, = 40 dBm. (b) Outage comparison with P, = 37 dBm and p = 0.9.

Fig. 6. Backhaul reliability and outage probability vs. NOMA power allocation coefficient 52 under various values of target

rate Ry for ug, with P, = 37 dBm, location set S1, my, = {4,4,2,2}, and R1 = 1 bps/Hz.

that the lower and higher limits of 3, are determined by R, and R, and are the same for different
links. This result will justify Corollary 4.

In Fig. 6b, the advantage of NOMA is studied in the aspect of outage probability with fixed
p=0.9 and P, = 37 dBm. To guarantee a lower outage probability for u;, 3> should be lower

than On one hand, the transmit power for u; decreases due to the power splitting of the

NOMA protocol. On the other hand, u; is decoded before us, so the signal of u, will interfere
with the signal reception at u;. As for O,,, similar observation can be obtained as in Fig. 6a
that, to guarantee the superiority of NOMA, the condition of ﬁ < Po < % should be
satisfied. Thus, we can see that at the same amount of resource blocks, OMA requires a much
higher SINR than NOMA to guarantee the same overall target rate. This is another justification
of Corollary 4.

We also illustrate the advantage of NOMA over OMA in Fig. 7 in terms of the outage sum
rate and energy efficiency.

In Fig. 7a, the outage sum rates are plotted under the same system parameter settings as those
in Fig. 6b. Besides the design insight in 5, another conclusion can be drawn that with a high
target rate 25, NOMA takes obvious advantage over OMA in the aspect of outage sum rate.
However, this superiority of NOMA will diminish in low target rate region.

In Fig. 7b, we fix the active probability of each ABS as p = 0.9 and the power of the

interfering nodes as P, = 20 dBm to study the energy efficiency, which is defined as the ratio
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(a) Outage sum rate comparison under the same system (b) Energy efficiency comparison with Ry = 4 bps/Hz,

parameter setting as those of Fig. 6b. K =2,p=0.9, and P, = 20 dBm.

Fig. 7. Outage sum rate vs. power allocation coefficient S2 and energy efficiency vs. transmit power P, with target rate

R: =1 bps/Hz, location set S1, and mi = {4,4,2,2}.

between the outage sum rate of the system, i.e., Ry (1 — Oy,) + R2 (1 — Oy,), and the transmit
power of all ABSs, i.e., K P,. The results are obtained under location set S; with K = 2 and
the target rate for u; fixed at R; = 1 bps/Hz.

Fig. 7b shows that NOMA can achieve a higher energy efficiency than OMA. However, when
the transmit power is increased to a high level, the advantage will diminish gradually. This
is because under the focused energy efficiency definition, the improvement in the outage sum
rate is mainly due to the decrease in the outage probability. Since the target rates are fixed, a
performance ceiling will limit the outage sum rate when the outage probability approaches zero.
Thus, the energy efficiency will be the same for NOMA and OMA in the high transmit SNR

region.

VI. CONCLUSION

In this paper, we have studied the system performance of an ABS-assisted network, where
multiple ABSs were deployed to relay the downlink signals from the MBS to the UEs. We
have considered cooperative signal transmissions, in which active ABSs have utilized NC-JT to
realize a coherent power combination at the UEs. To improve connectivity, NOMA has been
also considered for both the wireless backhaul and the wireless access. The interfering nodes

were modeled as a PPP in the infinite 2D plane, and tools from stochastic geometry were
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applied to facilitate analytical derivations. We have assumed more realistic probabilistic LoS
and NLoS propagations for both the A2G and G2G channels. Different from most other works,
non-identical Nakagami-m fading has also been assumed. Upon applying several more practical
assumptions, we have derived closed-form expressions for the outage probability of the system
and have validated the results through Monte Carlo simulations. Numerical results had been
obtained to study the impact of various parameters on the performance metrics. We have shown
that the wireless backhaul reliability, ABS number, and target rates are key factors to determine
the system performance. It has been shown that the ABS height should be carefully designed
to achieve the lowest outage probability and highest outage sum rate under the probabilistic
LoS A2G channel. We have also verified the advantage of the NOMA scheme by comparing its
outage probability, outage sum rate, and energy efficiency with those of the basic OMA scheme.
The comparisons have shown that improved system performance can be achieved with a properly

selected NOMA power allocation coefficient.
APPENDIX A
PROOF OF LEMMA 1
Since Wy, = Zszl Wi u, Ik, we start by studying the CDF of W, , I, which is given by
Fiv 1 () = P (Wi, T < w)
=P (I; = 0) P(0 < w) + P(Iy = DP (Wy, o, < ) =1—pp + piFiw,, ., (), (35)

where Fer,uj (w) is the CDF of W, .. Hence we have the probability density function (PDF)

of Wy, u,Ix derived as

Sy e (W) = (1= pr)d(w) + prfwi, ., (W), (36)
where fu,, .. (w) is the PDF of W, y,, and 6(-) is the Dirac delta function satisfying [°°_ (¢ —
T)f(t)dt = f(T).

To obtain the CDF of W, ,,, we firstly resort to the moment generating function (MGF) of
Wy, I given by

M, o1 (8) = Ewyy o1, [ex0 (sWoyu, 1) = / exp(sw) fw,, o1, (w)dw
0

= (1 —pk)/o exp(sw)5(w)dw~|—pk/0 exp(sw) fiw, ., (w)dw

J/

-~

~~
exp(s.o):l the MGF of er’uj

@y - pr + e (Pan (Diy) (1 — Sﬁk,j)_l + Par (Drj) (1= s0,)""™ ), (37)
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K
exp < Z Weeu, )] = HMer,uj]Ik<S)
k=1

= H ((1 — Pr) + D (PAN (D j) (1 — 5191@,]')_1 + Par, (D) (1 — ng)—mk,j))

K
= Q H 1+ 1 Dk ?AN (Dk,j) (]. - Sﬁk7j>_1/+FAL (Dk,j) (]_ _ Sekz,j)_mk’j

— Dk ~~ ~- o
k=1 P B
(b) 1 1 K ) te K
k
= E E H(l_ > H(Ak+Bk)tk
=0  tx=0k=1 Pe/ 5

( ) 1 1 K p tr 1 tK K
90y ] (1_kp ) Sy [[ar B
t1=0 tg=0k=1 k a1=0 ap=0k=1
1 1

t 1
) k Z Z HP ij PZCL% (Dlw)

a1=0 arg=0k=1

::]x

:QZ"'Z

t1=0 tk=0%k

(™

x T (1= s0ky) ™ (1 = sy ) a7 (38)

J/

-

JT

where Ex[] is the expectation over X, and (a) follows directly from calculating the MGF of
Wiy u;» Which is a probabilistic gamma or exponentially distributed random variable.

Hence the MGF of W, ,, can be obtained in (38), shown at the top this page, where (b) and
(c) are expansions according to the multi-binomial theorem. Note that 77 in (38) is in the form

of partial fraction [33], and can be expanded as

K ar 1\ my, j(tk—ax) 1\~
Tr=> D s (s - W) + Y g (s - 9—> : (39)
k=1 \v=1 J J

v=1 k.j
where 7y, ;,, 1s calculated in (40), shown at the top of the next page. Through some algebraic
manipulations, we can reach the expression for 7, provided in (16). The calculation of yy ;,

follows similar way as 7 ;,, and is provided in (17).
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1
S—r—5——
kg

1 1 ag dak*V
v — - (1 — 89 )
Nk, (ar — ) ( ﬁk,j) [dsak—”jT ( sV ;) ]

1 (1 (0= v)!
B (ak_’/)!( ﬁk,j) ;Hf:l,n;ék(qn!) HnKzl(pn!)

K an, n — 1)! o
N T TR

n=1,n#k

P mn] an) + Pn — 1)' 1— o)~ Mn,j(tn—an)—pn 4
H (9 mn]<t —a,) —1)! (1= Ongs) ”Hﬁj B

By substituting (39) into (38), we can have that

M 0 =@3" ST (2)" 30 3 I[P () P (D)

t1=0 trk=0k=1 a1=0 arg=0k=1

K ag nk mi tk ak Mk
XZ Z 193” (1—s04,)"" + Z 9]” (1—s0,,)"" | . (41)
=1 \v= ’W) kJ

Recall that (1 — sf) " is the MGF of a gamma distributed variable with shape parameter v and
scale parameter #. Hence we can observe that (41) involves the weighted sum of the MGFs of
several gamma distributed variables. This helps to reach the CDF of W, ,; in (15), which is in
the form of the weighted sum of CDFs of several gamma distributed variables.

When the A2G channel degrades to deterministic LoS propagation model, we have the MGF

of er,uj calculated as
My, (8) = 1= Pr+ P (1 = $Ok;) " (42)

and then the MGF of Wmuj calculated as

K K
My (5= TT Mt (9 = QT (14 725 (= sty ™)
k=1 k=1 Pk
t, K
0y~ ZH( ) TLa- . (43)
t1=0 tr=0k=1 l\c 1 ,

-~

Ir
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Again, by partial fraction expansion, J7 can be rewritten into a weighted sum form as
K mg itk 1 —v
Fr=>> insn(s-5-) - )
k=1 v=1 ’
where the calculation of fi, ;,, follows similar ways as 7, and p ;.. Then, the CDF of Wr’uj

can be finally reached in (20).

APPENDIX B

PROOF OF THEOREM 1

We start the derivation under the general J-user case (J > 2) to extend our 2-user system

model to multi-user scenarios. In such a general case, the SINR ~,, ; of s; at rj, is calculated as

B'Wb,r
Voerd = T : (45)
]!‘k + ZL:j+1 BbWbJ‘k +1
By definition, py is given by pp =P (7,1 > €1, , V.0 > €7), and then we have
W r W r W r
pk:]P) Bl b,k >€17...’ 5j b,k >€j’...’ﬁJ b,k>6
J J L, +1
Irk + z BLWb,I‘k + 1 ]rk + Z /BLWb,I‘k + 1
=2 1=j+1
I, +1 (1 1 I, 1
—P Wb,rk>M=“wa,rk> 6 ( kt) ;"'7Wb,rk>€(]<54)
J
/81_61261, Bj_ej Z /BL
=2 1=j+1

=P (Wop, > &5 (I, +1)) = Fin,, (&5 (I, + 1))

. 1 .
= Pan (Dk) ExpCCDF (§J (Iy, +1), 19—) +Par, (Dk) GamCCDF (& (Iy, + 1), 7, 0k), (46)
k A v
~— DL
PrIN

-~
[

where §; = max { } and the power allocation coefficient should

Bi—e1 3,8, T Bi—e i1 Be
satisfy 3; > ¢; ZZ]:]' 41 B, for 1 < j < J. Also note that (46) is composed of two conditional

active probabilities pyn and pgr,. For pyn, it can be derived as

prN = K, [exp (—g—‘; (Ip, + 1)>} = exp (_%> Er, {exp (_%]rk>}
= eXp <—§—2) Llrk (2_2) ) (47)
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and the LT of [, is calculated as

exp (_S Z pozi,rk>

z,€P

,C[rk (S) =E = Ecp

H ]ECzi,rk [exp (_SPZCZiyrk:)]]

z;, €D

d ~ ~ o ~ ~ 5o ~
(:) Eq HEZkgkm [PAN (sz> exp <—3PzZi,k Ngi,k,1> +Par, (Zi,k>exp (_szZiyk ngkm)}]

Lz, €D

. Pan (sz> ParL (sz;>

9By | T Es, 2 1, (48)
z;,€D 1+ SpZZi’k (1 + %Z;I?L)

where (d) is due to the probabilistic LoS and NLoS A2G interference propagation, and (e)
follows the MGF of exponential distribution and gamma distribution. Utilizing the probability
generating functional (PGFL) of the PPP [36] and noting that the shortest distance from the
ground interfering node to the ABS is h, (48) can be evaluated as (24).

For py1, it can be derived as

p—1

&y 1 (& :

exp <_8_k (Il‘k + 1)) ; ﬁ (G_k (‘[I'k + 1))
5 5 mip—1 5 l Z i}

:exp( @)E eXp( 9}11‘“") ZE_Z Il (9}:) 2 (n)]‘”k]

k=0

B N1 (6 (] 3 3
= exp (_9_k> ; l_' <9_k) Z (K)E[rk |:eXp (_a rk> (eklrk) :|

0
) NS 6 = (D (1) e (&
oo (51) 2 () 2 () 22 (5): @

1=0
where (f) is due to the fact that E; [I% exp(—sI)] = (—1)"£(s), and £ (29) = [ L(s)] ‘s:m

is the x-th derivative of £;(s) evaluated at s = x. To calculate Eg“)(s), we resort to the Faa di

piL = Ey,,

Bruno formula to deal with the higher derivatives of composite function, which provides

() (g(5)) — K ot (o e TT (97
= Y ey W Il () - oo

(n1 T=1

Thus, we have

0= Y et

(N1, mk)ENG

- [ Pan(z) (—paz™N)" (fn -1+ T) Pan(2) (—p—zz aL)T v
2 = d . (51
XTH=1< ' /h ( (1+ spyz—on)™™ Uomo (14 o) 7 zdz (51)

By setting J = 2 and substituting (51) into (49) and then into (46), we finally reach the

expression of py in (23).
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