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Abstract—In this paper, we investigate the packet-level through-
put and energy efficiency of millimeter-wave unmanned aerial ve-
hicle (UAV)-assisted integrated access and backhaul (IAB) hetero-
geneous cellular networks with spatiotemporal traffic. Specifically,
we develop a theoretical framework to analyze the mean packet
throughput and energy efficiency of the network based on stochastic
geometry and queueing theory, whereby the spatial randomness
of network deployment and the temporal randomness of network
traffic can be appropriately characterized. Different from the tra-
ditional network performance metrics emphasizing transmission
and resource consumption, the packet-level performance helps to
better understand the impact of not only packet transmission but
also packet waiting time in a multihop network. Simulation results
demonstrate that the assistance of IAB-based UAVs can efficiently
relieve the load of terrestrial macro- and small-cell networks,
and the appropriate network deployment parameters play pivotal
roles in improving both the packet-level throughput and energy
efficiency performance. By jointly optimizing the key network
parameters, the packet energy efficiency can be significantly im-
proved while ensuring the required mean packet throughput of the
network.

Index Terms—UAV-assisted heterogeneous network, integrated
access and backhaul, spatiotemporal traffic, mean packet
throughput, packet energy efficiency.
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I. INTRODUCTION

THE millimeter-wave (mmWave) frequency band was in-
troduced to fifth-generation (5G) and beyond communi-

cation networks to cope with the extremely scarce spectrum,
while the severe attenuation in the mmWave band owing to
small wavelengths and high absorption requires the ultradense
deployment of small base stations (SBSs) to enhance the cov-
erage [2], [3]. However, it is neither cost-effective nor practical
to deploy a large number of fixed SBSs to achieve ubiquitous
coverage, especially in rural areas, and take into account the
random spatiotemporal variation in network traffic. On the other
hand, with the advantages of maneuverability, flexibility, and
cost-effectiveness, unmanned aerial vehicles (UAVs) are playing
an increasingly important role as aerial access points (APs) to
assist ground macro base stations (MBSs) to relieve the network
burden in traffic hot-spot areas [4], [5] or recover the communi-
cation in time in disaster areas [6]. By establishing line-of-sight
(LoS) communication links from high altitude, they can provide
a better quality of service for ground user equipment (GUE)
whenever and wherever in need [7], [8]. Thus, substituting UAVs
for some SBSs is an economical and flexible way to enhance
the mmWave network coverage while decreasing the density of
SBSs.

Due to the aerial nature of UAVs and the high deployment
cost for fiber backhaul of SBSs, wireless backhaul is of con-
siderable importance for UAVs and SBSs to connect to MBSs
and influences the service capability that UAVs and SBSs can
provide to GUEs. With their very large available bandwidth
and large-scale directional antenna arrays, wireless backhaul
links over the mmWave band can achieve fiberlike transmission
performance [9]. Thereby, integrated access and backhaul (IAB)
has been promoted by the 3 rd Generation Partnership Project
(3GPP) to support MBSs in providing access and backhaul ser-
vice in the same mmWave band [10]. Several works have studied
the performance of mmWave IAB-enabled SBS-assisted [11],
[12] or UAV-assisted [13], [14] cellular networks. However, it
was found that spectrum sharing between access and backhaul
leads to more complex mutual interference and performance bot-
tlenecks, especially for heterogeneous networks. Additionally,
to the best of the authors’ knowledge, there exists no research
on mmWave IAB heterogeneous cellular networks where UAVs
and SBSs collaborate to assist terrestrial MBSs together.
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On the other hand, the ultradense deployment of SBSs will
sharply increase energy consumption. Therefore, improving the
energy efficiency for a green 5G mobile network has gained
tremendous attention [15], [16]. Although exploiting UAVs is
promising to decrease the density of ground SBSs and flexibly
satisfy the spatiotemporal variation of network traffic, they cost
extra communication-unrelated energy to hover in the air with
limited battery capacity. Correspondingly, enhancing energy
efficiency for UAV-assisted heterogeneous cellular networks
becomes a key issue to take full advantage of UAVs and re-
alize energy-efficient green communications [17]. However, to
characterize the energy efficiency of heterogeneous networks,
the service process of a tandem queue for both access and
backhaul links should be considered. As such, new measurement
approaches are required to take into account not only packet
transmission but also packet queueing in multihop property
networks.

Introducing UAVs to traditional terrestrial networks brings
both design flexibility and challenges. In this paper, we focus on
the following problems:
� How can a mmWave IAB heterogeneous network be de-

signed in which SBSs and UAVs coexist with MBSs to
serve spatiotemporal traffic and connect to them for back-
haul?

� How can the network performance be modeled by taking
into account both the serving processes of access and back-
haul and fine tuning the network parameters to improve
energy efficiency while achieving satisfactory throughput
performance?

In response to these questions, in this paper, we focus on
designing and studying the network performance of a mmWave
UAV-assisted heterogeneous cellular network, where UAVs and
SBSs coexist to assist MBSs with IAB technology for access
and backhaul. Specifically, we consider that GUEs can establish
access links with MBSs, UAVs, or SBSs, and MBSs can provide
backhaul service for UAVs and SBSs. Both access and backhaul
links are operated in the same mmWave band. The orthogonal
spectrum partition is adopted to reduce the interference between
access and backhaul, while to increase spectrum utilization, the
access bandwidth is reused by MBSs, UAVs, and SBSs. To
improve the network performance, we consider that the UAV
height, the density and deployment proportion of UAVs/SBSs,
and the spectrum partition between the access and backhaul links
can be configured. To capture the impact of the tandem queueing
process consisting of both the access and backhaul links on
the throughput and energy efficiency, we analyze the network
performance from the packet-level point of view and derive
analytical expressions for the mean packet throughput (MPT)
and packet energy efficiency (PEE) by jointly utilizing stochastic
geometry and queueing theory. Our analysis captures the effects
of key network features in three domains: the spatial domain in
terms of the spatial density and randomness of the locations of
APs and GUEs; the temporal domain in terms of random packet
arrivals, time-varying waiting and transmission delays; and the
link domain in terms of channel contention and link quality. The
main contributions of this paper are summarized as follows:

� To accommodate the ever-increasing spatiotemporal traf-
fic in a cost-effective way, we propose mmWave-based
UAV-assisted IAB heterogeneous cellular networks by
utilizing mmWave’s bandwidth advantage for both ac-
cess and backhaul and UAVs’ flexibility to assist ter-
restrial macro- and small-cell networks for ubiquitous
coverage.

� Based on stochastic geometry and queueing theory, a theo-
retical framework is proposed to characterize the network’s
performance from the packet-level point of view. Both
MPT and PEE are derived. Thus, not only the impact of
transmissions over access and backhaul links but also that
of queueing delay in the tandem queues, dependent on
spatiotemporal network traffic, are studied.

� Based on the proposed theoretical framework, we inves-
tigate the impacts of various network parameters on the
MPT and PEE performance. Furthermore, we establish an
optimization problem to improve the PEE performance
while guaranteeing the MPT requirement via alternating
optimization with respect to key network configuration
parameters.

The rest of this paper is organized as follows. An overview
of the related works is given in Section II. In Section III,
we describe the system model of the mmWave UAV-assisted
IAB heterogeneous cellular network. In Section IV, we develop
the theoretical framework for the MPT and PEE and study
the network performance optimization problem. Numerical and
simulation results are given and discussed in Section V. Finally,
we conclude the paper in Section VI.

II. RELATED WORK

In UAV-assisted heterogeneous cellular networks, UAVs can
be used as aerial APs to enhance the coverage, capacity, relia-
bility, and energy efficiency of terrestrial cellular networks [18].
The UAVs in [13] are utilized as aerial relay nodes to assist
the dynamic backhaul link rerouting in the mmWave macrocells
and vehicle-cells coexistence heterogeneous network to improve
the network reliability. A UAV-assisted heterogeneous cellular
solution was proposed in [19] to deploy UAV-based floating
relay cells inside the ground macrocell for dynamic and adaptive
coverage enhancement, where the backhaul resource allocation
between UAVs and MBSs was analyzed. The UAV coverage
radius and system energy efficiency were optimized for the
multiband heterogeneous network, where MBSs, SBSs, and
UAVs working as aerial APs coexist, with MBSs and UAVs
working on the resource-limited microwave band [20]. However,
without the analysis of the temporal randomness of network
traffic, the previous works only investigated network-level per-
formance metrics under saturated traffic assumption.

From the perspective of packet-level analysis, the user packet
throughput defined in [21] characterizes the effect of random
packet arrival but without including the packet waiting delay
in the buffer. The authors in [22] optimized the scheduling
strategy to maximize the MPT of different types of devices under
different delay constraints, where the MPT captures the effects
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of both queueing and transmission delays. By incorporating the
spatial and temporal fluctuations of traffic, several works adopt
the MPT as the primary indicator to analyze the performance
of heterogeneous and small cell networks based on stochastic
geometry and queueing theory [23], [24], [25]. Nevertheless,
the above analyses of MPT are all based on the queue status of
one-hop access transmission links, and no tandem queues from
backhaul to access transmissions are taken into account.

The enhancement of energy efficiency in mmWave hetero-
geneous networks or UAV-assisted networks has been shown
to be attractive in recent research due to the rising energy cost
and the pursuit of green 5G networks. The energy efficiency,
defined as the total bits of information successfully sent to
users by UAVs divided by the total transmit and propulsion
energy consumption of UAVs in the area, was maximized in [26]
by optimizing the UAV trajectory and user scheduling. The
authors in [27] jointly considered the throughput of UAV-user
pairs, total system throughput, and energy efficiency of UAV-
assisted Internet of Things networks to achieve multiobjective
optimization. In addition, the pivotal tradeoff between energy
efficiency and network throughput is elaborated in many works,
such as relaxing the throughput constraints to maximize the
network energy efficiency in mmWave multihop backhaul het-
erogeneous networks [28], maximizing the energy efficiency
while guaranteeing the throughput fairness among users [29],
and striking a balance between system throughput and sensor
energy efficiency in UAV-assisted networks [30]. However, the
aforementioned energy efficiency metric from the network-level
perspective focuses on the amount of information that can be
reliably transmitted per unit of energy based on the saturated
traffic assumption and neglects the effects of random packet
arrivals, packet queueing delay, and energy consumption during
packet queueing processes.

III. SYSTEM MODEL

In this section, we introduce mmWave UAV-assisted IAB
heterogeneous cellular networks by discussing the network
topology, channel model, spectrum allocation, and association
strategy. The important notations in the paper are summarized
in Table I.

A. Network Topology

As shown in Fig. 1, we consider that three types of APs
(MBSs, ground SBSs, and UAVs) coexist in the UAV-assisted
IAB heterogeneous cellular network. MBSs working as IAB
donors connect to the core network via fiber links. The two
kinds of IAB nodes (UAVs and SBSs) connect to the core
network through one-hop mmWave backhaul links from MBSs.
A homogeneous Poisson point process (HPPP) is used to model
the spatial distribution of MBSs as ΦB with density λb. The lo-
cations of IAB nodes are modeled by HPPPΦI with density λi to
capture the random and irregular topology of the heterogeneous
network [31], in which UAVs and SBSs are modeled by ΦU and
ΦS with densities λu = ρλi and λs = (1 − ρ)λi, respectively,
based on the thinning property of Poisson point process (PPP)
and ρ being the UAV deployment proportion. The locations of

TABLE I
SUMMARY OF NOTATION

Fig. 1. Illustration of UAV-assisted heterogeneous cellular network.

GUEs are also modeled by HPPP ΦG with density λg. In this
paper, as we focus on packet-level performance, we assume that
GUEs are unmovable within the time by the order of magnitude
of packet transmissions. Further, we consider that, the height
of MBSs is HB, and UAVs hover at HU relative to the ground.
In addition, we focus on the downlink transmissions due to the
higher traffic load and larger energy overhead compared with the
uplink. The uplink transmissions can be similarly studied. Our
analysis is based on a typical GUE chosen from ΦG at random
and denoted by g, and we shift our coordinate system origin to
the location of the typical GUE.

B. Channel Model

For downlink transmissions in a UAV-assisted cellular net-
work, there exist five types of links: access link from an MBS
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to a GUE (the B → G link), access link from a UAV to a GUE
(the U → G link), access link from an SBS to a GUE (the S →
G link), and backhaul links from an MBS to a UAV (the B → U
link) and to an SBS (the B → S link). As the mmWave signal is
vulnerable to occlusion, our model takes obstacles in urban areas
into account. Due to the existence of obstacles, the U → G and S
→ G links are modeled by air-to-ground and ground-to-ground
distance-dependent two-state probabilistic models, respectively.
Whether the link between the typical GUE and a UAV contains
an LoS path follows the probability as [32]

PLoS,U,G(ru,g) =
1

1 + a exp
[
−b

(
180
π tan−1 HU

ru,g
− a

)] (1)

where a and b are obstacle parameters related to the height,
density, and area of obstacles, and ru,g denotes the horizontal
distance between the typical GUE and the UAV. The probability
that the ground-to-ground link between an SBS and the typical
GUE contains an LoS path follows the exponential blocking
model in [33] as

PLoS,S,G(rs,g) =
1

exp
(
− rs,g

β

) (2)

whereβ is the obstacle parameter and rs,g denotes the horizontal
distance between the typical GUE and the SBS.

According to the thinning property of PPP and whether there
is an LoS path between a UAV and the typical GUE, all UAVs
can be divided into two groups relative to the typical GUE,
i.e., the UAVs of LoS paths denoted by LoS UAVs and mod-
eled as PPP ΦUl

with density λul
(ru,g) =PLoS,U,G(ru,g)λu,

and the UAVs only of nonline-of-sight (NLoS) paths de-
noted by NLoS UAVs and modeled as PPP ΦUn

with density
λun

(ru,g) =[1−PLoS,U,G(ru,g)]λu. Similarly, all SBSs can be
divided into LoS SBSs and NLoS SBSs, modeled as PPPs
ΦSl

and ΦSn
, with densities λsl(rs,g) =PLoS,S,G(rs,g)λs and

λsn(rs,g) =[1−PLoS,S,G(rs,g)]λs, respectively. Thus, we model
the UAV-assisted network as a heterogeneous network of five
tiers of APs relative to the typical GUE. The positions of each
tier’s APs are modeled as PPP Φj with density λj(r), which is
equal to λb, λul

(r), λun
(r), λsl(r), and λsn(r) if j=1 for MBSs,

j=2 for LoS UAVs, j=3 for NLoS UAVs, j=4 for LoS SBSs,
and j=5 for NLoS SBSs, respectively.

The Nakagami-m fading model is utilized to model the small-
scale fading of mmWave access and backhaul links to capture
the occlusion effect of obstacles [34]. Since UAVs and MBSs
both have certain heights, the link between an MBS and a UAV
is rather likely to contain an LoS path [35]. To simplify the
analysis, the B → U link can be regarded as containing an LoS
path. On the other hand, the B → G link and B → S link are
considered as only NLoS paths due to the obstacles, the sparse
distribution of MBSs, and the ground deployment of GUEs
and SBSs [33]. Thus, the small-scale fading gains of access
and backhaul links are modeled as gamma distributed random
variables h with different shape and rate parameters m. Due to
the nonexistence of an LoS path, the small-scale fading gains of
the B → G link, the B → S link, the link from an NLoS UAV

to a GUE, and the link from an NLoS SBS to a GUE can be
specialized as exponential distributions.

MmWave wireless communication uses directional beams
to overcome the large propagation loss [36]. Therefore, we
assume that MBSs, UAVs, and SBSs are all equipped with
uniform planar arrays forming directional beams and that the
sectored-pattern antenna array model is adopted for analytical
tractability [12]. The main lobe antenna gains of MBSs, LoS
UAVs, NLoS UAVs, LoS SBSs, and NLoS SBSs are denoted as
Gj within the main lobe beamwidth θj , and the side lobe antenna
gains are gj and j = 1, 2, . . . , 5, where G1=GB, G2=G3=
GU, G4=G5=GS, θ1=θB, θ2=θ3=θU, θ4=θ5=θS, g1=gB,
g2=g3=gU, and g4=g5=gS. Similar to [11], [12], we consider
that GUEs are equipped with a single omnidirectional antenna
with antenna gain GG.

C. Spectrum Allocation

We consider that the total spectrum is partitioned into orthog-
onal subchannels and shared by access and backhaul links with
coefficient η based on IAB. More specifically, the total band-
width B is separated into F subchannels, and each subchannel
has a bandwidth of B0 = B/F . Consider that the B → G, U
→ G, and S → G access links share the F (a) = ηF access
subchannels. Similarly, all UAVs and SBSs share the same
F (b) = (1 − η)F backhaul subchannels to communicate with
MBSs. In each time slot, MBSs, UAVs, or SBSs randomly assign
the F (a) subchannels to their associated GUEs with packets to
be received. A GUE occupies at most one access subchannel
for packet transmission at a time, while a UAV or an SBS can
occupy all the backhaul subchannels to communicate with an
MBS owing to the small interference among each other with
directional beams. We further assume that within a time slot,
one data packet can be transmitted on an allocated subchannel.

D. Association Strategy

The typical GUE is associated with an MBS, UAV, or SBS (de-
noted as the tagged MBS, UAV, or SBS) based on the maximum
average received power association strategy [34]. We denote the
location of the tagged AP as x∗, which is in the kth tier with
k ∈ {1, 2, . . . , 5}. For simplicity, x∗ is also used as the tag of
the tagged AP. The received power at the typical GUE from x∗

can be written as

Pr,k(Xk) = Pt,khk,gψk,GζX
−αk

k (3)

wherePt,k is the transmit power of the kth tier APs,Xk = ||x∗||
is the distance between the tagged AP and the typical GUE,
hk,g is the small-scale fading gain from the tagged AP in the
kth tier to the typical GUE on the subchannel allocated to g,
ψk,G = GkGG denotes the antenna gain of the transmission link

between the tagged AP and the typical GUE, ζ =
(

3×108

4πfc

)2
is

the path loss intercept with fc being the carrier frequency, andαk
denotes the path loss exponent of the links from the kth tier APs
to the typical GUE. Considering the average received power, we
have P̄r,k(Xk) = TkX

−αk

k , where Tk = Pt,kh̄k,gψk,Gζ with
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h̄k,g denoting the average small-scale fading gain from the
tagged AP to the typical GUE.

Let Xj denote the minimum distance between the typical
GUE and the jth tier APs. The association probability of the
typical GUE associated with the tagged AP in the kth tier can
be derived in Appendix A as

Ak=2π
∫ ∞

0
λk(r)r exp

[
−2π

∑5

j=1

∫ r̂j

0
λj(r)rdr

]
dr (4)

where r is the horizontal distance between the tagged AP and

the typical GUE, and r̂j=

√(
Tj

Tk

) 2
αj
(
r2+H2

k

)αk
αj−H2

j , withHk

and Hj equal to HB if k, j=1, HU if k, j=2, 3, and 0 if k, j=
4, 5.

The probability density function (PDF) of the distance Xk

between the typical GUE and the tagged AP in the kth tier is
given by Appendix B as

fXk
(x)=

2π
Ak

λk

(√
x2−H2

k

)
x exp

[
−2π

5∑
j=1

∫ x̂j

0
λj(r)rdr

]
(5)

where x̂j =

√(
Tj

Tk

) 2
αj x

2αk
αj −H2

j .

We consider that UAVs and SBSs are served by their near-
est MBSs, named the serving MBSs. Letting ΔHI, I ∈ {U, S}
denote the height difference between IAB nodes and MBSs,
we have ΔHU = |HU −HB| and ΔHS = HB. The PDF of the
distance ZI between the tagged IAB node and its serving MBS
can be derived according to (5) as

fZI
(z) = 2πλbz exp

[
−πλb

(
z2 −ΔH2

I

)]
. (6)

Assume that the total number of GUEs associated with a kth

tier AP is Mk,0. Its probability mass function (PMF) is given in
Appendix C as

P (Mk,0=v)=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

3.53.5Γ(v+3.5)
(

λgA1
λb

)v

v!Γ(3.5)
(

3.5+
λgA1

λb

)v+3.5 , k = 1

3.53.5Γ(v+3.5)
[

λg(A2+A3)
λu

]v
v!Γ(3.5)

[
3.5+

λg(A2+A3)
λu

]v+3.5 , k = 2, 3

3.53.5Γ(v+3.5)
[

λg(A4+A5)
λs

]v
v!Γ(3.5)

[
3.5+

λg(A4+A5)
λs

]v+3.5 , k = 4, 5

(7)

where v ∈ N denotes the number of associated GUEs, and Γ(·)
is the gamma function. Due to the limited capacity of MBSs,
UAVs, and SBSs, the maximum number of GUEs associated
with a kth tier AP is defined as Mk,max, where M1,max =
MB,max for the MBS tier,M2,max =M3,max =MU,max for the
LoS and NLoS UAV tiers, andM4,max =M5,max =MS,max for
the LoS and NLoS SBS tiers. MB,max, MU,max, or MS,max

GUEs are selected at random if the total number of GUEs
associated with an MBS, UAV, or SBS exceeds the maximum
value. Thus, the PMF of the number of successfully associated
GUEs of a kth tier AP, Mk, is given by

P (Mk=v)=

{
P (Mk,0=v), v=0, 1, . . . ,Mk,max−1∑∞
v′=v P (Mk,0=v

′), v =Mk,max.
(8)

The PMF of the total number of UAVs or SBSs associated
with an MBS, NI,0, I∈{U,S}, can be obtained as in (7) by

P (NI,0 = n) =
3.53.5Γ(n+ 3.5)( λI

λb
)n

n!Γ(3.5)
(

3.5 + λI

λb

)n+3.5 , n ∈ N+. (9)

Similarly, we assume that an MBS provides backhaul support
for at most NI,max, I∈{U,S} UAVs/SBSs under capacity con-
straints. Then, the PMF of the number of successfully associated
UAVs/SBSs of an MBS, NI, I∈{U,S}, is given by

P (NI = n) =

{
P (NI,0 = n), n = 0, 1, . . . , NI,max−1∑∞
n′=n P (NI,0 = n′), n = NI,max.

(10)

IV. PERFORMANCE ANALYSIS AND OPTIMIZATION

In this section, by leveraging stochastic geometry and queue-
ing theory, we study the packet-level performance of mmWave
UAV-assisted IAB heterogeneous cellular networks in terms of
the mean packet throughput and packet energy efficiency. Then,
to improve the network performance, we propose an optimiza-
tion problem for maximizing the packet energy efficiency while
ensuring the mean packet throughput of the network.

A. Signal Reception Quality Model

GUEs can receive signals not only from their associated APs
but also from other nearby APs. Because of the spectrum sharing
among the B → G, U → G, and S → G access links, the inter-
ference among access links on the same subchannel should be
considered. The signal-to-interference-plus-noise ratio (SINR)
at the typical GUE g served by the tagged AP in the kth tier can
be expressed as

γ
(a)
k,g=

Pt,khk,gψk,GζX
−αk

k∑5
j=1

∑
xi∈Φj\x∗

δj,i,gPt,jhj,i,gψ
(Int)
j,G ζY

−αj

j,i +σ0B0

(11)

where δj,i,g is an indicator variable denoting whether the ith

AP in the jth tier is sending packets on the same subchannel
allocated to the typical GUE g by the tagged AP; hj,i,g is the
small-scale fading gain on the subchannel allocated to the typical
GUEg from the ith AP in the jth tier tog;ψ(Int)

j,G , equal toGjGG

and gjGG with probability θj
2π and 1 − θj

2π , respectively, denotes
the interfering antenna gain from a jth tier AP to the typical
GUE; Yj,i is the distance between the ith AP in the jth tier and
the typical GUE; and σ0 is the noise power spectral density.

Because of the sensitivity nature of the mmWave band to
ambient noise and the high beamforming capability of MBSs,
UAVs, and SBSs, similar to [12], we assume that the backhaul
links are noise-limited and that the interference among backhaul
links can be ignored due to the interference reduction and signal
enhancement of directional antenna arrays. Then, the signal-to-
noise ratio (SNR) received by the tagged IAB node from its
serving MBS can be expressed as

γ
(b)
I =

Pt,1hB,IψB,IζZ
−αI

σ0B0
, I ∈ {U, S} (12)
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where hB,I, ψB,I, and αI denote the small-scale fading gain,
antenna gain, and path loss exponent of the backhaul link be-
tween the tagged IAB node and its serving MBS, respectively.
Given the perfect beamforming alignment between IAB nodes
and MBSs, we have ψB,I = GBGI.

B. Packet Queueing Model of Access Links

In this and the following subsections, we study the packet
transmission process by analyzing the two-stage tandem queue
for access and backhaul links. The discrete-time queueing model
is utilized to model the packet arrivals and departures over the ac-
cess and backhaul links. The early arrival model is adopted [37].

We consider that the APs maintain an access queue for one
associated GUE, which can be modeled as a Geom/Geom/1
queue. Therefore, in each time slot, a packet arrives or leaves
with a certain probability. To characterize the time variability of
user traffic, the packet arrival process of a GUE is modeled as
a Bernoulli process with tunable probability ξ, which indicates
the saturation degree of traffic. Packets leave a queue according
to first-in-first-out scheduling. If a packet in service fails to leave
in a time slot, then it stays at the head of the queue and is
retransmitted in the next available time slot.

Whether the tagged AP can successfully transmit a packet to
the typical GUE depends on the subchannel contention and link
quality. A GUE who has packet(s) to receive from its associated
AP (or denoted as an active GUE) contends for a subchannel.
The probability pk,Mk

that the tagged AP in the kth tier with
Mk successfully associated GUEs may allocate a subchannel to
the typical GUE for packet transmission is given by

pk,Mk
= min

⎧⎨⎩ F (a)[
1 −Q

(a)
k,Mk

(0)
]
(Mk − 1) + 1

, 1

⎫⎬⎭ (13)

where Q(a)
k,Mk

(q) is the steady-state probability that the tagged
AP in the kth tier has q packets in the access queue for the
typical GUE. According to the property of the Geom/Geom/1
queue, this can be derived as [24]

Q
(a)
k,Mk

(q)=

⎧⎪⎪⎨⎪⎪⎩
1 − ξ

/
μ
(a)
k,Mk

, q = 0

ξq
(

1−μ(a)
k,Mk

)q−1(
μ
(a)
k,Mk

−ξ
)

(
μ
(a)
k,Mk

)q+1
(1−ξ)q

, q ∈ N+

(14)

with μ(a)
k,Mk

being the packet service probability of the typical

GUE by the tagged AP. Thus,
[
1 −Q

(a)
k,Mk

(0)
]
(Mk − 1) is the

average number of active GUEs served by the tagged AP except
for the active typical GUE.

By considering whether the tagged AP allocates a subchannel
to the typical GUE and whether the transmission of a packet

on the allocated subchannel is successful, the packet service
probability μ(a)

k,Mk
can be defined as follows:

μ
(a)
k,Mk

= pk,Mk
P
(
γ
(a)
k,g > τa

)
(15)

where P
(
γ
(a)
k,g > τa

)
is the successful transmission probability

(STP) over the access link for the packet transmitted from the
tagged AP to the typical GUE g, and τa is the SINR threshold
that GUEs can successfully receive packets from APs.

Theorem 1: For the UAV-assisted IAB heterogeneous cellular

network, the STP P
(
γ
(a)
k,g > τa

)
of each tier’s AP over access

links can be derived as

P (γ
(a)
k,g>τa)=

∫ ∞

Hk

mk−1∑
c=0

sck
c!

exp(−skσ0B0)

c∑
d=0

(−1)2c−d·

Cdc σ0
c−dB0

c−d d
dLI (sk)
dsdk

fXk
(x)dx (16)

where sk = mkτa
Pt,kψk,GζX

−αk
k

, mk is the Nakagami fading param-

eter of the link between the tagged AP in the kth tier and the
typical GUE, fXk

(x) is given in (5), and LI(sk) is the Laplace
transform of the total interference given by (17), as shown at the
bottom of the page.

Proof: Please see Appendix D. �
In (17), ymin=

(
Tj

Tk

) 1
αjX

αk
αj

k , 2F1() is the Gaussian hyperge-

ometric function, and P (δj,i,g=1) gives the probability that the
ith AP in the jth tier has packet(s) to send on the same subchan-
nel allocated to the typical GUE and is derived in Appendix E
as

P (δj,i,g=1)=
Mj,max∑
v′=1

min

{
v′ξ

μ
(a)
j,v′F

(a)
, 1

}
· P (Mj = v′) (18)

with v′ being the number of GUEs associated with the ith

interfering AP in the jth tier and μ(a)
j,v′ being the packet service

probability of the access queues at the interfering AP. Following
the same analysis approach, we can obtain μ(a)

j,v′ similar toμ(a)
k,Mk

in (15).
Remark: Theorem 1 is also suitable for an only SBS-assisted

or only UAV-assisted scenario when simply setting the de-
ployment proportion ρ equal to 0 or 1. In addition, by setting
P (δj,i,g = 1) = 1 in (17), the STP result can be used to evaluate
the network performance under saturated traffic.

According to Little’s law, the mean total time W (a)
tot,k,Mk

that
the tagged AP takes to successfully transmit a packet to the
typical GUE equals the average number of packets in the GUE’s

LI(sk)=
5∏
j=1

exp

⎧⎪⎪⎨⎪⎪⎩2πP(δj,i,g=1)
αj

∫ ∞
0 λj(r)rdr∫ ∞

0 rdr

⎡⎢⎢⎣
θj
2π

∑mj

t=1 C
t
mj

(−1)t y
2−αjt

min (Pt,jGjGGζsk)
t(

t− 2
αj

)
mt

j

2F1

(
t,t− 2

αj
; t− 2

αj
+1;−Pt,jGjGGζsk

mjy
αj
min

)
+
(

1− θj
2π

)∑mj

t=1C
t
mj
(−1)t y

2−αjt

min (Pt,jgjGGζsk)
t(

t− 2
αj

)
mt

j

2F1

(
t,t− 2

αj
; t− 2

αj
+1;−Pt,jgjGGζsk

mjy
αj
min

)
⎤⎥⎥⎦
⎫⎪⎪⎬⎪⎪⎭.
(17)
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access queue at the tagged AP L(a)
tot,k,Mk

divided by the packet

arrival probability, i.e., W (a)
tot,k,Mk

=L
(a)
tot,k,Mk

/ξ.

Because L(a)
tot,k,Mk

=
∑∞
q=0 qQ

(a)
k,Mk

(q), with some manipu-
lation, we have

W
(a)
tot,k,Mk

=
1 − ξ

μ
(a)
k,Mk

−ξ
. (19)

Remark: Equation (19) holds if the access queue is stable, i.e.,
μ
(a)
k,Mk

> ξ. Otherwise, W (a)
tot,k,Mk

= ∞.
To analyze the energy consumption during the transmission

process of a packet more accurately, we take the total time
W

(a)
tot,k,Mk

apart into packet waiting time and packet service

time. The former denoted by W (a)
wat,k,Mk

measures the time that
a packet waits in the queue before service. The latter denoted by
W

(a)
sev,k,Mk

includes the packet transmission delay and retrans-

mission delay and is given by W (a)
sev,k,Mk

= 1
μ
(a)
k,Mk

. Therefore,

we have W (a)
tot,k,Mk

=W
(a)
wat,k,Mk

+W
(a)
sev,k,Mk

.

C. Packet Queueing Model of Backhaul Links

Because of the cochannel spectrum sharing among backhaul
links and perfect directional transmission assumption, we con-
sider that each backhaul link between IAB nodes and their serv-
ing MBSs occupies the same F (b) backhaul subchannels, and
there is no interference or subchannel contention among the IAB
nodes. Therefore, the packet service probability μ(b)

I , I∈{U, S}
on a subchannel of the backhaul link from the serving MBS to
the tagged IAB node equals the STP over the backhaul link,
which, according to Appendix F, can be derived as

μ
(b)
I =

∫ ∞

ΔHI

2πλbz

mI−1∑
c=0

(
mIτbσ0B0

Pt,1ψB,Iζz−αI

)c
c!

·

exp

[
− mIτbσ0B0

Pt,1ψB,Iζz−αI
−πλb(z

2−ΔH2
I )

]
dz

(20)

with mI being the Nakagami fading parameter of the backhaul
link between the tagged IAB node and its serving MBS and τb
being the SNR threshold for IAB nodes to successfully receive
packets from MBSs.

For the backhaul queue, we consider that all packets arriving
at the serving MBS and belonging to the GUEs associated
with the same UAV or SBS are stored in a single large queue.
Generally, the probability that two or more packets for different
GUEs arrive simultaneously at the queue is small [38]. Thus,
we assume that in each slot, at most one packet arrives at the
backhaul queue for the tagged IAB node at the serving MBS,
and the total packet arrival probability is then ξMk conditioned
on Mk GUEs associated with the tagged IAB node. Then, the
backhaul queue from the serving MBS to the tagged IAB node
can be characterized as a Geom/Geom/s queue with packet
arrival probability ξMk and s = F (b) servers. Here, each server
has packet service probability μ(b)

I .

The steady-state probabilityQ(b)
k,Mk

(d) that there are d packets
in the backhaul queue for the tagged IAB node serving the
typical GUE can be derived by Markov-based analysis and
solving difference equations according to the property of the
Geom/Geom/s queue [37] provided that the queue is stable, i.e.,
F (b)μ

(b)
I > ξMk.

According to Little’s law, the average total time W (b)
tot,k,Mk

that a packet spends in the backhaul queue equals the average
total number of packets in the queue L(b)

tot,k,Mk
divided by the

total packet arrival probability, i.e.,

W
(b)
tot,k,Mk

=
L
(b)
tot,k,Mk

ξMk
(21)

where L(b)
tot,k,Mk

=
∑∞
d=0 dQ

(b)
k,Mk

(d).
Remark: Equation (21) holds if the backhaul queue is stable;

otherwise, W (b)
tot,k,Mk

=∞. Different from W
(a)
tot,k,Mk

in (19),

W
(b)
tot,k,Mk

should be numerically calculated, as the steady-state

probability Q(b)
k,Mk

(d) has no closed-form solution.

The packet service time W (b)
sev,k,Mk

of the backhaul queue
from the serving MBS to the tagged IAB node is given by
W

(b)
sev,k,Mk

= 1
μ
(b)
I

, where μ(b)
I = μ

(b)
U if k = 2, 3, and μ(b)

I =

μ
(b)
S if k = 4, 5.

D. MPT and PEE Analysis

In this subsection, we study the MPT and PEE of GUEs.
The MPT T is defined as the reciprocal of the average time
to successfully deliver a packet from an MBS to a GUE, and
the PEE E is defined as the reciprocal of the mean total energy
consumed by a packet for successful delivery, both via one-hop
or two-hop transmissions in the network of interest.

Theorem 2: For a UAV-assisted IAB heterogeneous cellular
network with the two-stage tandem queues, the MPT Tk,Mk

of
the typical GUE associated with the tagged AP in the kth tier
and of Mk associated GUEs is given by

Tk,Mk
=

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

1
W

(a)
tot,k,Mk

, if;μ
(a)
k,Mk

> ξ, k = 1

1
W

(a)
tot,k,Mk

+W
(b)
tot,k,Mk

, if F (b)μ
(b)
I > ξMk; and

μ
(a)
k,Mk

> ξ, k = 2, 3, 4, 5

0, if F (b)μ
(b)
I ≤ ξMk or μ

(a)
k,Mk

≤ ξ, k=1, 2, . . . , 5.
(22)

Proof: This can be proven by considering three cases: 1) the
GUE is associated with the MBS, and thus only the delay in the
access queue is counted; 2) the GUE is associated with an IAB
node, and both the access queue and backhaul queue are stable;
and 3) the GUE is associated with an AP with either or both
unstable access and backhaul queues. �

Then, by averaging over the tagged AP’s tier options and the
number of its associated GUEs, the MPT of the typical GUE can
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be given by

T =
5∑
k=1

Ak

Mk,max∑
v=1

P (Mk = v)

1 − P (Mk = 0)
Tk,v. (23)

Remark: The MPT characterizes network performance from
the perspective of the whole packet transmission process, includ-
ing the random packet arrivals, dynamic queueing processes,
packet service processes, transmission failures, and packet re-
transmissions. In the UAV-assisted IAB heterogeneous cellular
network, its value is affected by traffic load and queueing and
transmission delay in both access and backhaul queues.

In the transmission process, a packet of the typical GUE
consumes both the basic operation energy and the transmit
energy of the tagged AP and the serving MBS, if any, for packet
queueing, transmission, and reception. Moreover, an AP may
serve multiple packets simultaneously. Thus, from the packet-
level point of view, its basic operation energy is consumed by
all arrival packets.

Proposition 1: If the typical GUE is associated with an MBS,
then the mean energy consumption per packet from the moment
that the packet arrives at the tagged MBS to its successful
delivery to the typical GUE can be written as

Ē1 = Pt,1tslotW̄
(a)
sev,1 +

Pbsc,Btslot
L̄B

W̄
(a)
tot,1. (24)

Here, tslot is the length of one time slot for packet transmis-
sion; Pbsc,B is the basic operation power of MBSs including the
signal process, power amplifier, cooling, etc.; L̄B, given in (25)
and shown at the bottom of this page, is the average total number
of packets in the access and backhaul queues at the MBS; and
W̄

(a)
sev,1 and W̄ (a)

tot,1 are the mean service time and the total time
a packet of the typical GUE spending in its access queue at the
tagged MBS, respectively. This can be calculated as follows by
averaging over the number of associated GUEs and setting k
to 1:

W̄
(a)
sev,k =

Mk,max∑
v=1

P (Mk = v)

1 − P (Mk = 0)
W

(a)
sev,k,v (26a)

W̄
(a)
tot,k =

Mk,max∑
v=1

P (Mk = v)

1 − P (Mk = 0)
W

(a)
tot,k,v. (26b)

Proof: The proposition can be proven by accumulating the
energy consumption of packet transmissions in two stages: one
from the packet arrival to the end of waiting in the queue and the
other during the packet transmission. Note that when evaluating
the energy consumption in the first stage, one needs to count the
total number of packets buffered in the MBS, not only for the

associated GUEs but also for the associated UAVs and SBSs, as
shown in (25). �

Proposition 2: If the typical GUE is associated with a UAV
(i.e., k=2, 3), then the mean energy consumption per packet
from the moment that the packet arrives at the serving MBS to
its successful delivery to the typical GUE via the tagged UAV
can be expressed as

Ēk=Pt,1tslotW̄
(b)
sev,k+

Pbsc,Btslot
L̄B

W̄
(b)
tot,k+Pt,ktslot·

W̄
(a)
sev,k +

(Pbsc,U + Phov)tslot
L̄U

W̄
(a)
tot,k, k = 2, 3

(27)

where Pbsc,U is the basic operation power of UAVs, Phov is

the UAV hovering power, and W̄ (b)
sev,k and W̄ (b)

tot,k are the mean
service time and the total time a packet of the typical GUE
spending in the backhaul queue, respectively. These are given
as follows:

W̄
(b)
sev,k =

Mk,max∑
v=1

P (Mk = v)

1 − P (Mk = 0)
W

(b)
sev,k,v (28a)

W̄
(b)
tot,k =

Mk,max∑
v=1

P (Mk = v)

1 − P (Mk = 0)
W

(b)
tot,k,v, (28b)

and L̄U is the average total number of packets in the access
queues at the tagged UAV, satisfying

L̄U=

Mk,max∑
vu,g=0

vu,g

3∑
j=2

Aj
A2 +A3

L
(a)
tot,j,vu,g

P (Mk = vu,g). (29)

Proof: If the typical GUE is associated with an IAB node,
then the transmission of a packet consumes not only the basic
and transmit power of the serving MBS for backhaul but also the
basic and transmit power of the tagged IAB node for access. If
the tagged IAB node is a UAV, in addition to the basic operation
power Pbsc,U, extra hovering power Phov is needed.

Furthermore, when counting the total number of packets
consuming the UAV’s energy, as shown in (29), the following
factors are considered, i.e., the number of associated GUEs,
number of packets in each GUE’s access queue, and whether
the UAV is an LoS or NLoS UAV with respect to the associated
GUEs. �

Corollary 1: If the typical GUE is associated with an SBS
(i.e., k = 4, 5), the mean energy consumption per packet from
the moment that the packet arrives at the serving MBS to its
successful delivery to the typical GUE via the tagged SBS can

L̄B =

MB,max∑
vb,g=0

vb,gL
(a)
tot,1,vb,gP (M1 = vb,g) +

NU,max∑
nb,u=0

MU,max∑
vu,g=0

L
(b)
tot,2,vu,gP (M2 = vu,g)nb,uP (NU = nb,u)

+

NS,max∑
nb,s=0

MS,max∑
vs,g=0

L
(b)
tot,4,vs,gP (M4 = vs,g)nb,sP (NS = nb,s). (25)
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be written as

Ēk=Pt,1tslotW̄
(b)
sev,k+

Pbsc,Btslot
L̄B

W̄
(b)
tot,k+Pt,ktslot·

W̄
(a)
sev,k +

Pbsc,Stslot
L̄S

W̄
(a)
tot,k, k = 4, 5 (30)

where L̄S is the average total number of packets in the access
queues at the SBS, satisfying

L̄S =

Mk,max∑
vs,g=0

vs,g

5∑
j=4

Aj
A4 +A5

L
(a)
tot,j,vs,g

P (Mk = vs,g). (31)

We omit the proof as it is similar to the one for Proposition
2. Based on Propositions 1 and 2 and Corollary 1, the following
theorem is straightforward.

Theorem 3: For the UAV-assisted heterogeneous cellular net-
work with two-stage tandem queues, the PEE of the typical GUE
is obtained by averaging over the tagged AP’s tier option as

E =

5∑
k=1

Ak
1
Ēk

. (32)

Remark: The PEE captures the total energy consumption
(including both communication-related and communication-
unrelated energy) of a packet from its generation at an MBS to
the successful delivery to a GUE through one- or two-hop trans-
missions, if any. In the UAV-assisted IAB heterogeneous cellular
network, its value is affected by not only the packet queueing and
service delay but also packet accumulation at APs. Compared
with the conventional network-level energy efficiency metric
that is defined as the mean number of successfully transmitted
packets divided by the total energy consumption, the PEE also
captures the energy consumption of the packets waiting in the
two-stage tandem queues in addition to that of the packets being
transmitted.

E. Performance Optimization

In the mmWave UAV-assisted IAB heterogeneous cellular
network, the UAV height HU, IAB node density λi, UAV de-
ployment proportion ρ, and IAB spectrum allocation coefficient
η are key network configuration parameters. HU impacts both
the probability of establishing an LoS link and the path loss.
λi determines the density of IAB nodes that assist the macro-
cell networks, including UAVs and ground SBSs. ρ affects the
proportion of UAVs to all IAB nodes. η is used to adjust the
subchannel allocation between access and backhaul links. To
optimize the UAV deployment and network configuration, we
establish the following single-objective optimization problem,
aiming at maximizing the packet-level energy efficiency perfor-
mance under the throughput requirement

max
HU,λi,ρ,η

E

s.t. T > Tth (33)

where Tth is the required MPT threshold. Because of the com-
plicated analytical expressions under random spatiotemporal

TABLE II
SYSTEM PARAMETERS

traffic, the problem in (33) can hardly be directly solved. There-
fore, we resort to the alternating optimization approach to find
a good network configuration by iteratively optimizing the PEE
with respect to the key network parameters. Specifically, for
the ease of intuitive illustration by figures, we divide the key
network parameters into two variable blocks (HU, λi) and (ρ, η)
in the alternating optimization, which is the same as iterating
over the four variables individually as long as the decoupling
among variable blocks is ensured [39]. In each iteration, on the
premise of satisfying the MPT requirement, we update (HU, λi)
by maximizing PEE with (ρ, η)fixed to the values obtained in the
last iteration. Then, we obtain (ρ, η) by maximizing PEE with
(HU, λi) fixed to the updated values in the current iteration.
The procedure is repeated to adjust the parameters until the
PEE converges. In addition, the finite range and appropriate
granularity for the parameters are adopted to implement the
iterative procedure within an acceptable amount of computation.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we provide numerical results to investigate
the MPT and PEE performance of the mmWave UAV-assisted
IAB heterogeneous cellular network. The theoretical analysis is
validated via 3000 Monte Carlo simulations. The simulation
area is 1000×1000 m2, and each realization includes 5000
continuous time slots. Unless otherwise stated, the parameter
values used in simulations are listed in Table II [12], [24], [33],
[34].

Fig. 2 shows how the GUEs associate with the five tiers of
APs as the UAV height changes, given the UAV deployment
proportion ρ equal to 0.5. As seen in the figure, when UAVs are at
the same altitude as MBSs (i.e., 10 m), MBSs play a crucial part
in serving GUEs because at a low height, most of the LoS paths
between UAVs and GUEs are blocked by obstacles, leading to no
large advantage for UAVs over ground MBSs in providing high-
quality signals with lower transmit power. At a higher height
(e.g., HU ≤ 70 m), the UAVs’ association probability increases
significantly, as they can avoid obstacles and establish LoS paths
with GUEs, which greatly improves the received signal quality.
However, as the height of UAVs continues to rise, the distance
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Fig. 2. Association probability of 5 tiers of APs vs. UAV height.

between UAVs and GUEs increases, and the LoS paths in the
U → G links suffer greatly from the long-distance propagation
loss over the mmWave band. Hence, the association probability
of UAVs decreases and that of MBSs and SBSs increases.

It is also noteworthy that a portion of SBSs can provide LoS
links and are closer to GUEs than UAVs due to the ground
deployment, implying that the UAV’s advantage of high altitude
decreases. Thus, the association probability of LoS SBSs is
independent of the increase in UAV height. In addition, with
high height, low transmit power, and severe attenuation, NLoS
UAVs have no opportunity to provide reliable access service
when UAVs hover at a relatively high altitude.

In Fig. 3, we validate the numerical results of the MPT and
PEE with Monte Carlo simulations and study the impact of UAV
height under different deployment proportions of UAVs. The
simulation results agree well with the numerical results. Com-
pared with the only SBS-assisted network, the heterogeneous
network of three kinds of APs can significantly improve the
MPT performance with the assistance of aerial UAVs. Adjusting
their height, UAVs can avoid the obstruction of buildings and
establish high-quality LoS access and backhaul links with GUEs
and MBSs, respectively, while the low-altitude SBSs cannot.
Moreover, from Fig. 3(a), we notice that the MPT of GUEs
increases and then decreases with an increase in UAV height. The
reason is similar to that of the changing trend of the association
probability of LoS UAVs. Although UAVs have the advantage
of flexibly accommodating spatiotemporal network traffic, they
consume extra communication-unrelated energy to hover in the
air; thus, a larger deployment proportion ρ of UAVs causes
lower energy efficiency. Because of this, in Fig. 3(b), the PEE
reaches the nadir at the UAV height where association with UAVs
is preferred, as shown in Fig. 2. In general, the UAV-assisted
heterogeneous cellular network offers a new way by adjusting
the proportion of UAVs replacing SBSs and the UAV height
to achieve a better trade-off between throughput and energy
efficiency performance.

In Figs. 4 and 5, we study the impact of UAV deployment
proportion ρ on the MPT and PEE performance under differ-
ent traffic loads, measured in GUE density and packet arrival
probability, respectively. Since the accuracy of our analytical

Fig. 3. Network performance under different UAV heights and UAV deploy-
ment proportions: (a) MPT; (b) PEE.

Fig. 4. MPT and PEE vs. GUE density under different UAV deployment
proportions.

model has been verified and the analysis matches well with the
simulation results, unless otherwise stated, in the following we
provide numerical results to investigate the two performance
metrics. As shown from the figures, with an increase in the
traffic load, the MPT decreases while the PEE increases. The
greater the number of GUEs or the larger the packet arrival
probability, the more severe the spectrum contention and the
more aggravated the interference, leading to a reduced MPT. In
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Fig. 5. MPT and PEE vs. packet arrival probability under different UAV
deployment proportions.

Fig. 6. MPT and PEE vs. packet arrival probability under different IAB
spectrum allocation coefficients.

contrast, if the traffic load is low, in each slot, a small number of
packets served by APs need to share the total energy cost, includ-
ing both communication-related and communication-unrelated
energy, generating a low PEE. Note that increasing the UAV
deployment proportion can improve MPT but reduce PEE due
to the improved link quality and increased UAV hovering energy,
respectively. In addition, as illustrated in Fig. 4, the MPT tends
to converge as the GUE density increases due to the constraints
of the APs’ capacity. On the other hand, as shown in Fig. 5, as the
packet arrival probability increases, the MPT approaches zero
due to the heavy traffic load, the massive packet accumulation
in the queues, and the sharply increased queueing delay. One
may also notice from the two figures that the performance im-
provement of MPT decreases as the UAV deployment proportion
increases, implying the importance of an appropriate choice of
the UAV deployment proportion.

Fig. 6 shows how the MPT and PEE performance is affected
by the spectrum allocation between access and backhaul links
under different packet arrival probabilities ξ. It can be observed
from the figure that with sufficient subchannels for backhaul,
more subchannels for the access links (i.e., a relatively large
spectrum allocation coefficient η) render a higher MPT. This

Fig. 7. Performance optimization in first iteration: (a) MPT and PEE vs.
UAV height under different IAB node densities; (b) MPT and PEE vs. UAV
deployment proportion under different IAB spectrum allocation coefficients.

is rational because, owing to the omnidirectional antennas of
GUEs, the access links suffer from worse interference than the
backhaul links, resulting in the larger requirement for subchan-
nels. However, too few subchannels for backhaul (i.e., η = 0.8)
lead to poor MPT because of the transmission bottleneck caused
by the backhaul links. On the other hand, it is noteworthy
from Fig. 6 that, with more subchannels for access links, the
queueing delay of packets in the access queues at the APs is
reduced, leading to a reduced energy consumption at UAVs
or SBSs and an improved PEE. From Fig. 6, we find that the
MPT and PEE performance can be simultaneously improved by
appropriately setting the spectrum allocation scheme of the IAB
technology.

To understand how the packet-level energy efficiency of the
mmWave UAV-assisted IAB heterogeneous cellular network
can be improved while offering packet throughput assurance,
Figs. 7 and 8 show the searching process of the first iteration for
optimization problem (33) and how the PEE changes with the
iteration number based on the alternating optimization approach,
respectively. Here, we set the key network parameters with finite
values within reasonable ranges as HU ∈ {10, 30, . . . , 190}m,
λi ∈ {1, 2, . . . , 10} × 10−4/m2, ρ ∈ {0, 0.1, . . . , 1}, and η ∈
{0.1, 0.2, . . . , 0.9}, and we omit some values of the parameters
in Fig. 7 for readability. Specifically, in Fig. 7(a), we present
how the MPT and PEE change with the adjustment of the IAB
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Fig. 8. PEE vs. iteration number under different MPT thresholds and initial
values of ρ and η.

node density λi and the UAV heightHU, given the MPT thresh-
old Tth = 0.5 and the initial values of the UAV deployment
proportion and IAB spectrum allocation coefficient (ρ0, η0) =
(0.5, 0.5). By maximizing the PEE performance under the re-
quired MPT, the optimal UAV height and IAB node density in the
current iteration can be obtained as (H∗

U, λ
∗
i ) = (90, 2 × 10−4).

As illustrated in the figure, with the increase in the density
of IAB nodes, the MPT improves before reaching a critical
value. However, continuing to increase the density does not
improve the MPT performance; instead, the MPT degrades due
to the increase in interference. On the other hand, in addition to
dramatically increasing the deployment and maintenance costs,
overintensive deployment of IAB nodes results in lower PEE,
as shown in Fig. 7(a). This is because the denser deployment
of IAB nodes attracts more GUEs connecting to them, rather
than the one-hop MBSs. However, the two-hop communication
undoubtedly consume more energy from not only MBSs but
also IAB nodes for packet transmission and processing, thus
decreasing the energy efficiency. We can find from the figure that
an appropriate choice of IAB node density and UAV height
can enhance both the packet throughput and energy efficiency
performance.

Given the optimal value of UAV height and IAB node density
(H∗

U, λ
∗
i ) obtained in Fig. 7(a) in the current iteration, Fig. 7(b)

then depicts how to appropriately set the UAV deployment
proportion ρ and IAB spectrum allocation coefficient η to im-
prove the MPT and PEE performance. By optimizing ρ and η
under the required MPT, one can iteratively obtain better PEE
performance compared with Fig. 7(a) with (ρ∗, η∗) equal to (0.6,
0.8). As shown in the figure, in the current setting, increasing
the UAV deployment proportion has no significant effect on
MPT enhancement; in contrast, a high UAV proportion can
deteriorate the PEE due to the extra communication-unrelated
energy consumption. The reason for this is that with a dense IAB
node deployment λ∗

i , SBSs get closer to GUEs and are capable
of providing the same LoS coverage that UAVs can offer in the
air, thus reducing the dependence on UAVs. Furthermore, the
dense deployment reduces the backhaul load of IAB nodes while
aggravating the interference over access links. Thus, a larger IAB

spectrum allocation coefficient (e.g., η = 0.8) contributes to the
improvement of both MPT and PEE performance. To study the
optimal network configuration under the parameter values we
focused on, Fig. 8 then illustrates that the PEE increases with
the iteration number based on three initial values of ρ and η and
two MPT thresholds Tth. The PEE converges very fast under
different initial values and MPT thresholds, and the performance
improvement of PEE can be up to 140%. Moreover, appropriate
initial values can accelerate the optimization process and en-
hance the PEE performance. Note that the undue requirement
for MPT performance may cause suboptimal PEE under small
initial values, i.e., (ρ0, η0) = (0.3, 0.3) and Tth = 0.5 owing to
the difficulty of further finding improved PEE with stringent
MPT requirements.

VI. CONCLUSION

In this paper, we have proposed an analytical framework
for investigating mmWave UAV-assisted IAB heterogeneous
cellular networks’ performance in terms of packet-level through-
put and energy efficiency based on stochastic geometry and
queueing theory. The studied packet-level performance metrics
capture both the spatial randomness of node deployments and
the temporal randomness of user traffic. The numerical results
have demonstrated that the mmWave UAV-assisted IAB hetero-
geneous cellular network can strike a good balance between
throughput and energy efficiency performance or even achieve a
win-win result. For future work, the analytical framework can be
extended to study the packet-level performance of the network
with other GUE/UAV distributions and/or moving UAVs.

APPENDIX A
PROOF OF (4)

The probability that the associated AP of the typical GUE is
in the kth tier is given as

Ak= EXk

[
P̄r,k(Xk) > max

j,j �=k
P̄r,j(Xj)

]

= ERk

⎧⎨⎩
5∏

j=1,j �=k
P

[√
R2
j+H

2
j >

(
Tj
Tk

) 1
αj

×
√
Rk

2+H2
k

αk
αj

]⎫⎬⎭
=

∫ ∞

0

5∏
j=1,
j �=k

P

⎡⎣Rj>
√(

Tj
Tk

) 2
αj

(r2+H2
k)

αk
αj −H2

j

⎤⎦
× fRk

(r)dr

(a)
= 2π

∫ ∞

0
λk(r)r exp

⎡⎣−2π
5∑
j=1

∫ r̂j

0
λj(r)rdr

⎤⎦ dr (34)

where Rj denotes the minimum horizontal distance be-
tween the jth tier APs and the typical GUE, r̂j =
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√(
Tj

Tk

) 2
αj (r2 +H2

k)
αk
αj −H2

j , and equation (a) holds because

according to the distance property of PPP, the complemen-
tary cumulative distribution function (CCDF) and PDF of Rj
can be expressed as P (Rj > r) = exp[

∫ r
0 −2πλj(r)rdr] and

fRj
(r) = 2πλj(r)r exp[−2π

∫ r
0 λj(r)rdr].

APPENDIX B
PROOF OF (5)

With Xj being the minimum distance between the typical
GUE and the jth tier APs, the CCDF of the distance between
the typical GUE and the kth tier tagged AP Xk is given as

P (Xk > x)

=
1
Ak

P

[
Xk > x, P̄r,k(Xk)>max

j,j �=k
P̄r,j(Xj)

]

=
1
Ak
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√
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k

5∏
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P
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(√
r2+H2

k

)
>P̄r,j

(√
R2
j+H

2
j

)]

× fRk
(r)dr

=
2π
Ak

∫ ∞

√
x2−H2

k

λk(r)r exp

[
−2π

5∑
j=1

∫ r̂j

0
λj(r)rdr

]
dr.

(35)

Based on the CCDF, we can obtain the PDF of Xk as shown
in (5).

APPENDIX C
PROOF OF (7)

The PDF of the area C of a Poisson Voronoi cell is given
by [40]

fC(c) =
3.53.5

Γ(3.5)
c2.5 exp(−3.5c). (36)

Let Mk,0 denote the total number of GUEs associated with a
kth tier AP. For the MBS tier, i.e., k = 1, the PMF of M1,0 can
be derived as

P (M1,0 = v)

=

∫ ∞

0
P (number of GUEs per MBS = v|c)fC(c)dc

(a)
=
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0
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c
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v!
exp

(
−λgA1

λb
c

)
fC(c)dc
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λgA1

λb

)v
v!Γ(3.5)
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0
cv+2.5 exp

[
−
(

3.5 +
λgA1

λb

)
c

]
dc

(b)
=

3.53.5Γ(v + 3.5)
(

λgA1

λb

)v
v!Γ(3.5)

(
3.5 +

λgA1

λb

)v+3.5 (37)

where equation (a) comes from the definition of PPP with mean
λgA1

λb
c, which is the average number of GUEs in the association

area c of an MBS, and equation (b) is derived from the definition
of gamma function Γ(x) =

∫∞
0 tx−1e−tdt. For the UAV tiers,

because whether a UAV is in the 2nd or 3rd tier is independent
of the number of GUEs associated with the UAV, we haveM2,0 =
M3,0. The mean number of GUEs in the association area of a

UAV is equal to λg(A2+A3)
λu

c. Then, following the same derivation
process, the PMFs of the total number of GUEs associated with
a UAV or SBS can be found in (7) the same as (37).

APPENDIX D
PROOF OF (16) AND (17)

The STP of a packet from the tagged AP to the typical GUE
is given by

P (γ
(a)
k,g > τa)

=EXk
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t,kψ

−1
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(38)

where Ij =
∑

xi∈Φj\x∗ δj,i,gPt,jhj,i,gψ
(Int)
j,G ζYj,i

−αj denotes

the interference from the jth tier APs to the typical GUE.
Equation (38) can be further derived as

P
(
γ
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}
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c
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}

(c)
= EXk

{
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c=0

(−1)c
sck
c!
EI

{
dc exp [−sk(I + σ0B0)]

dsck

}}

(d)
= EXk

[
mk−1∑
c=0

sck
c!

exp(−skσ0B0)

c∑
d=0

(−1)2c−dCdc σ0
c−d·

B0
c−d d

dLI (sk)
dsdk

]
(39)

where I=
∑5
j=1 Ij , sk=

mkτa
Pt,kψk,Gζx

−αk
. Equation (a) comes

from the gamma distribution of hk,g; equation (b) comes
from the expressions of the gamma function and the upper
incomplete gamma function; equation (c) is derived from
exp[−sk(I + σ0B0)](I + σ0B0)

c = (−1)c d
c exp[−sk(I+σ0B0)]

dsck
;

and equation (d) comes from the Leibniz integral formula and
the binomial expansion. The Laplace transform in (39) can be
expressed as

LI (sk)
= EI [exp (−skI)]
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ability generating functional of PPP, and equation (b) holds as
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where equation (a) comes from the binomial expansion, equa-
tion (b) comes from using [41] [Eq. 3.194.2], and 2F1() is the
Gaussian hypergeometric function. Combining (38)–(41), we
obtain the STP of a packet from the kth tier AP to the typical
GUE by (16).

APPENDIX E
PROOF OF (18)

Since the packet service process over an access link of an
interfering AP is the same as that of the tagged AP, we adopt
the same Geom/Geom/1 queueing model to analyze the packet
transmissions from an interfering AP to its associated GUEs.
Assume that a jth tier interfering AP is associated with Mj

GUEs. Then, the average number of active GUEs associated

with the interfering AP is Mj

[
1−Q(a)

j,Mj
(0)
]
, where Q(a)

j,Mj
(0) is

the steady-state probability given the same as (14) by

Q
(a)
j,Mj

(0) = 1 − ξ
/
μ
(a)
j,Mj

, Mj = 0, 1, . . . ,Mj,max. (42)

Here, μ(a)
j,Mj

is the packet service probability of the interfering
AP for an associated GUE, which depends on the subchannel
contention and STP. Due to the same analysis and derivation
process, we can obtain μ(a)

j,Mj
similar to μ(a)

k,Mk
in (15).

If the number of active associated GUEs is less than the
number of access subchannels F (a), then the interfering AP
has packet(s) to send on the same subchannel allocated to the

typical GUE g with probability
Mj

[
1−Q(a)

j,Mj
(0)

]
F (a) . Otherwise, the

probability is 1. Thus, the probability that the ith interfering
AP in the jth tier has packet(s) to send on the same subchannel
allocated to g is

P (δj,i,g=1)=
Mj,max∑
v′=1

min

{
v′ξ

μ
(a)
j,v′F

(a)
, 1

}
· P (Mj = v′). (43)

APPENDIX F
PROOF OF (20)

The packet service probability on a subchannel of the back-
haul link from the serving MBS to the tagged IAB node is given
by

μ
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where (a) comes from the gamma distribution of hB,I.
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