2010.12380v1 [cs.NI] 23 Oct 2020

arxXiv

This paper has been submitted to IEEE for publication. Copyright may be transferred without notice. !

On the Beamforming Design of Millimeter Wave
UAV Networks: Power vs. Capacity Trade-Offs

Yang Wang, Student Member, IEEE, Marco Giordani, Member, IEEE,
Michele Zorzi, Fellow, IEEE

Abstract—The millimeter wave (mmWave) technology enables
unmanned aerial vehicles (UAVs) to offer broadband high-speed
wireless connectivity in fifth generation (5G) and beyond (6G)
networks. However, the limited footprint of a single UAV im-
plementing analog beamforming (ABF) requires multiple aerial
stations to operate in swarms to provide ubiquitous network
coverage, thereby posing serious constraints in terms of battery
power consumption and swarm management. A possible remedy
is to investigate the concept of hybrid beamforming (HBF)
transceivers, which use a combination of analog beamformers
as a solution to achieve higher flexibility in the beamforming
design. This approach permits multiple ground users to be served
simultaneously by the same UAV station, despite involving higher
energy consumption in the radio frequency (RF) domain than
its ABF counterpart. This paper presents a tractable stochastic
analysis to characterize the downlink ergodic capacity and power
consumption of UAV mmWave networks in an urban scenario,
focusing on the trade-off between ABF and HBF architectures.
A multi-beam coverage model is derived as a function of
several UAV-specific parameters, including the number of UAVs,
the deployment altitude, the antenna configuration, and the
beamforming design. Our results, validated by simulation, show
that, while ABF achieves better ergodic capacity at high altitudes,
an HBF configuration with multiple beams, despite the use of
more power-hungry RF blocks, consumes less power all the time
with limited capacity degradation.

Index Terms—5G, 6G, millimeter wave (mmWave), ana-
log/hybrid beamforming, unmanned aerial vehicles (UAVs),
stochastic geometry, energy consumption.

I. INTROUCION

HILE [Long Term Evolution (LTE)| networks are al-

ready successfully penetrating new markets, and with
[5th generation (5G)| deployments ready for global commercial
roll-out, the more stringent traffic requirements of future
wireless applications (which will reach 1 zettabyte/month in
2028 [1]]) are driving the research community to discuss new
services and enabling technologies towards
[(6G)| systems [2]. Notably, not only will current terrestrial
infrastructures facing greater capacity demands not guarantee
the required |Quality of Service (QoS), but they will also
show vulnerability in emergency situations (such as disaster
relief/recovery), a research challenge that communication stan-
dards have, so far, relegated to the very bottom, if not entirely
ignored [3].
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To address this issue, 6G research is focusing on
the development of [non-terrestrial networks (NTNs)| where
air/spaceborne stations like |[Unmanned Aerial Vehicles|
[(UAVs), High Altitude Platforms (HAPs), and satellites as-
sist terrestrial infrastructures in promoting flexible and cost-
effective global connectivity [4], [5]. Thanks to their high
mobility, versatility, and low cost, in particular, play
a key role in providing network service recovery in devastated
region, enhancing public safety, and handling emergency sit-
uations [6[]-[9].

In combination with the [millimeter wave (mmWave)| tech-
nology, whose huge available bandwidth can offer multi-Gbps
data rates [10], UAVs may also serve as aerial relays and base
stations to support wireless services in high-traffic scenarios,
e.g., to assist backhaul operations when terrestrial towers are
overloaded [[11]], and/or to relay large amounts of sensor data
in hot-spot areas from multiple |[ground users (GUs)| [12].
However, mmWave communications may incur severe path
loss and sensitivity to blockage, especially considering the
very long transmission distances involved [13]], which may
result in [QoS| degradation. In these regards, massive
[[nput Multiple Output (MIMO)| techniques have been intro-
duced to improve reliability and spectral efficiency through
beamforming [[10]. The short wavelength of signals,
indeed, permits multiple antenna elements to be placed into
a small to form a concentrated beam pattern towards
a specific direction, thus providing array gains and reduced
co-channel interference [[14].

In the UAV context, the limited energy and payload re-
sources of aerial systems make it difficult, if not impossible,
to realize full-blown |digital beamforming (DBF)| which, while
potentially enabling the transceiver to direct beams at infinitely
many directions, requires a dedicated [Radio Frequency (RF)|
chain for each antenna element [[15]]. An [analog beamforming]
structure, in turn, adopts the simplest electronic com-
ponents and requires a single [RF| chain, thus theoretically rep-
resenting the most desirable option to achieve low power con-
sumption [16]]. The limited flexibility of however, means
that UAVs can only beamform in one direction at a time, and
forces multiple aerial stations to be deployed in formation to
provide ubiquitous network coverage to GUs: this may incur
significant energy consumption for propulsion and hovering
as the swarm grows in size, thereby posing severe power
management constraints. In this context, the research com-

munity is leaning towards the development of
orming (HBF)| which realizes a simple transceiver design

by combining [RF| analog beamformers and low-dimensional




baseband digital beamformers [17], [18]]. In particular, HBF
enables simultaneous transmission of multiple data streams
from the same UAV station, and makes it possible to reduce
the UAV swarm size and its relative cost compared to ABF.
Despite these premises, however, few contributions have been
devoted to the evaluation of the performance of in a UAV
scenario, which in turn represents a timely research issue.

Following this rationale, in this paper we provide the
first analytical model to jointly evaluate and compare the
ergodic capacity and power consumption of and
architectures for[UAV]|networks. The main novelty of our work
can be summarized as follows:

o We provide a mathematical and tractable expression for
the ergodic capacity of UAVs operating at
frequencies based on stochastic geometry. Compared to
previous analyses, which employ a specific beamforming
design (e.g., [[19], [20]), in this work we compare the
performance of the and configurations as a
function of the UAV deployment altitude, the antenna
architecture, and the density of GUs. For these two types
of beamforming strategies, two approximate antenna pat-
terns (based on a flat-top model that accounts for both
direct and tilted beams) are proposed to achieve a good
balance between accuracy and analytical tractability.

o We provide an analytical expression for the power con-
sumed by UAVs when establishing and trans-
missions. Our model accounts for both the hovering
power, which is required to maintain the UAV aloft and
enable its mobility, as well as the power consumed by
each MIMO electronic component for communication.
We discuss the impact of the number of [RF| chains and
antenna elements on the beamforming design, the UAV
deployment altitude, and the resolution of the
[Analog Converter (DAC)] i.e., the most power-hungry
hardware block in the transmitter.

o Based on the above-mentioned relations, while existing
analyses tend to separate coverage- (e.g., [21]], [22]]) and
power-related (e.g., [23], [24]) performance, we provide
a new paradigm to jointly evaluate the coverage vs.
power consumption trade-off for mmWave-assisted UAV
networks. Our theoretical model is validated via realistic
Monte Carlo simulations, so as to include many more
details than would be possible via analytical evaluations
while accounting for realistic channel implementations.
Despite the common belief that HBF suffers from higher
energy consumption than ABF, we demonstrate that HBF
with two or three simultaneous beams always outperforms
an ABF strategy at low altitude in terms of both power
efficiency and capacity, especially when increasing the
antenna array size. Conversely, ABF exhibits better ca-
pacity at higher altitudes, even though HBF’s degradation
is limited. Specifically, we demonstrate that the user’s
density qualifies as the most crucial factor in the capacity
performance.

o We provide guidelines on the optimal beamforming strat-
egy to adopt to minimize power consumption while not
sacrificing spectral efficiency. We show that, with the

increasing UAV altitude, the system capacity has a peak
value that depends on the density of and the antenna
array size, above which the system would consume more
power.

The remainder of this paper is organized as follows. Related
works on UAV networks are discussed in Sec.
Sec. describes our system model, including the scenario,
channel, antenna, and power consumption models for both
ABF and HBF architectures. In Sec. [V] and Sec. [V] we derive
the expressions of the power consumption and ergodic capacity
for ABF and HBF, respectively. Sec. [V reports our system
parameters, validates our theoretical framework through sim-
ulations, and presents our main findings and results. Finally,
conclusions and suggestions for future work are provided in

Sec. [VII

II. RELATED WORK

UAV-assisted mmWave networks have been extensively
studied in the literature. Xiao et al., for example, reviewed
the main opportunities and challenges associated with high-
frequency operations [25]], Xia et al. discussed appli-
cations of mmWaves in [UAV}enabled public safety scenar-
ios [26], while Zhao et al. evaluated the performance of inte-
grated flight control and channel tracking for mmWave aerial
links [27]]. More recent works are now focusing on analyzing
the coverage and data rate performance, beamforming design,
and power consumption of the network, as discussed in the
following paragraphs.

a) Coverage/rate performance: Stochastic geometry has
emerged as a tractable approach to study the coverage perfor-
mance of wireless systems. In the UAV context, papers [19],
[20], [28]], [29]] derived lower and upper bounds for the cov-
erage probability and the area spectral efficiency of UAV net-
works, while in our related work [22]] we identified the trade-
offs to be considered to maximize the coverage performance as
a function of the drone density, height, and antenna patterns.
More recently, the article in [30] investigated the coverage
performance of UAV mmWave networks when UAVs are
assumed to be distributed according to a homogeneous
[Point Process (PPP)| and users are modeled as a Poisson
Cluster Process (PCP, e.g., Thomas cluster processes or Matern
cluster processes). For the proposed system, simulation results
indicated that there exists an optimal altitude that maximizes
the coverage probability, and that the effect of the thermal
noise and non-line of sight transmissions can be omitted.
Related work [31] adopted a similar model for the deployment
of UAVs and and formulated a mathematical expression
for the average uplink throughput to identify the optimal time
division multiplexing between the downlink and uplink phases.
Similarly, the authors in [32] compared the performance of
LTE and mmWave networks for serving flying UAVs. The re-
sults demonstrated that a significant improvement of the UAV
coverage probability is possible using mmWaves, even though
inter-cell interference remains a key performance challenge
at high altitudes. Another approach was considered in [33]],
where the authors provided a closed-form expression for the
maximum achievable rate for a full-duplex UAV scenario,




and proposed an alternating interference suppression algorithm
to jointly design the beamforming vectors and the power
control variables. Moreover, Xiao et al. [34] formulated a
non-convex problem to maximize the achievable data rate,
subject to user requirements, UAV positions, and beamforming
vector constraints.

b) Energy consumption: Despite demonstrating promis-
ing coverage performance, there are still several challenges
associated to UAV-enabled networks, ranging from energy lim-
itations to optimal 3D deployment. In the literature, Mozaffari
et al. [35] determined the optimal UAV altitude to minimize
the transmitted power, while the authors in [23] proposed a
coverage-aware path planning method to reduce energy con-
sumption while satisfying data rate and resolution constraints.
Several other related works, e.g., [36]], [37], have also analyzed
the energy trade-offs associated with UAV propulsion, which
involves significantly higher power consumption compared to
conventional (static) terrestrial stations.

In this perspective, the utilization of the tech-
nology for drone-assisted communications also resulted in
higher power utilization for electronic components like
phase shifters and combiners, and power amplifiers, which are
required to process a large number of antenna outputs and very
wide bandwidths. In a recent work [38], the authors explored
how DAC resolution and bandwidth affect the total power
consumption, while [39] studied the energy performance of
mmWave systems as a function of different pre-coding and
post-coding beamforming structures. However, most literature
is referred to a cellular-type scenario, while only a few papers
have investigated energy efficiency for UAV networks [24],
[37], which therefore represents a timely topic for further
research.

¢) Beamforming design: Sharp beamforming is neces-
sary to support UAV communications at Along
these lines, Miao et al. [40] first formalized a robust beam-
forming optimization problem to maximize network coverage
under the constraint of strong interference. Similarly, the
authors in [41] explored how to design the optimal beam
according to the drone flying range, while paper [42] pre-
sented an innovative position-based lightweight beamforming
technology to enhance broadcasting communications through
UAVs. More recently, Li et al. [43] proposed to jointly
optimize UAV trajectory and beamforming design through
reconfigurable intelligent surfaces, thus improving propagation
environment and enhancing communication quality. While full
cannot be adopted on UAV's because of the high cost and
energy consumption, solutions have been proposed to
improve communication performance while minimizing power
utilization, e.g., [44]. A similar approach was followed in [45]],
even though the literature does not carefully demonstrate
whether (and in which form) outperforms a pure
configuration from both a coverage and an energy efficiency
point of view.

Our work differs from the prior art in that we compare
different beamforming architectures, optimizing both power
consumption and coverage performance together. Moreover,
our power model does not only consider hovering operations,
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Fig. 1: UAV-assisted system model. UAVs can form vertical and/or tilted
beams, depending on the beamforming architecture (ABF or HBF, respec-
tively) they adopt.

but it also characterizes the energy impact for communication
in the UAV context.

III. SYSTEM MODEL

In this section we present our system scenario (Sec. |I1I-Al),
channel (Sec. [II-B)), antenna (Sec. [lII-C), and power
(Sec. [III-D)) models that are considered in our study.

A. Scenario Description

As shown in Fig. we consider a UAV-assisted urban
scenario in which mmWave-enabled swarms of drones acting
as aerial base stations are deployed at altitude h to provide
communication services on the ground. Furthermore, we as-
sume that are placed across a circular

(AoD)] to form a [two-dimensional (2D)] homogeneous
®,, with density A,. We assume that both UAVs and GUs

communicate through directional beams whose width, shape,
and structure depend on the beamforming strategy they adopt,
as we will specify in Sec. We then call r the 2D distance
between the projection of the UAV on the user plane and
a generic GU in the and R = v/r2 + h? the distance
between the reference UAV and the

B. Channel Model

1) Line-of-sight probability: In the urban scenario, air-to-
ground communication links may be blocked by environmental
structures such as buildings or vegetation. Therefore, it is
essential to distinguish between [line of sight (LOS)| and [non-|
[line of sight (NLOS)| propagation (denoted respectively with
subscripts L and N throughout the paper). The International
Telecommunication Union (ITU) presents a precise expression
for the [LOS] probability [46]], which is estimated by ray-tracing
techniques using data from building and terrain databases.
For the purpose of mathematical tractability, in this paper
we adopt a simplified equation, proposed in prior work [47]]
and universally adopted in the literature, in which the [LOS]
probability pz(r) is modeled, as a function of the GU-UAV
distance R = /72 + h2, as a modified Sigmoid function (S-
curve), i.e.,
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where arctan(h/vr2 + h2?) is the elevation angle of the
UAY, and p and g are the S-curve parameters which depend
on the environment (suburban, urban, dense urban, high-
rise urban). Consequently, the probability is given by
pn(r) = 1 —pr(r). By the thinning theorem of [PPPs| we
can thus distinguish two independent PPPs for the [LOS]| and
GUs, ie., @, C ®, and ¢, y C P, respectively, of
intensity measures A, ;, = pr(r)A, and Ay, N = pn(7)Ay.

2) Path gain: We consider the widely adopted power-law
model for the path gain [48]], i.e.,

Gi(r) = R™% = mi(V/r2 + 1), i€ {L, N}. (@)
In Eq. @), k; is the path loss exponent and 7; is the path
loss gain at unit distance. Due to the signal propagating in
suffering from shadowing and reflection effects from
obstacles, it holds 7y, > nn and k1, < KN.

3) Small-scale fading: Even though measurements con-
ducted in the mmWave environment show a relatively small
impact of fading on propagation [49], the effect of small-scale
fading due to reflectivity and scattering from common objects
may not be negligible in the UAV scenario, especially when
directional beamforming is applied [S0]. In this paper, small-
scale fading is modeled as a Nakagami-m random variable
~; of parameters m; and €;, ¢ € {L, N}, which is typically
adopted to represent both [COS] and [NLOS] air-to-ground chan-
nels, whose [Cumulative Distribution Function (CDF)|is given
by [51]:

F(@;mi, Q) =Plyi(ms, Q) <z]=
m; omMig2mi—1 —m;x?
Plm;, —z? ) ="t ‘ .3
(m Q" ) QU T(m) " ( Q ) @
In Eq. (@), € is the spread factor, m; is the shape factor, and
I'(+) is the Gamma function.

C. Antenna Model

In this paper we assume that UAVs are equipped with
[Uniform Planar Arrays (UPAs)| of Ny = N, x N, antenna
elements, separated in the horizontal and vertical dimension
by d, and d,, respectively, providing gain by beamforming.
For simplicity, we assume square [UPAs| i.e., N, = N,, and
d, = d, = d. Further, we consider a flat-top model to char-
acterize the pattern of the directional beamforming. UAVs
implementing [ABF shape the beam through a single [RF| chain
for all the antenna elements, and can form a single
perpendicular to the ground (the blue beams in
Fig.[I). In this case, the processing is performed in the analog
domain, thus transmitting/receiving in only one direction at a
time [13]. UAVs implementing [HBF in turn, use Nzp RF
chains (with Npp < Np) that allow to produce, besides the
analog [VBl Np — 1 additional parallel [tilted beams (TBs)]
with Np < Ngp, towards the ground (the orange beams in
Fig.[I). This permits the transceiver to transmit/receive in Np
directions simultaneously, thus improving flexibility compared
to ABF, at the cost of a higher power consumption.

Lemma 1: Based on the above assumptions, the main lobe
directivity gain G for a UPA produced by beamforming can
be expressed as

G=N, N, @)

Proof: For [UPAS] the [array factors (AFs)| of the arrays in
the x- and y-directions, for any pair of vertical and horizontal
angles (0, ¢), V8 € [0, 7], V¢ € [—m, ], can be written as

Ny Nz

AF(9,¢) _ Z Z ej(27r/>\)[(nm—l)dw sin 6 cos ¢|

ny=1 [n,=1
. ej(27r/)\)[(ny71)dy sin 6 sin ¢]
)

®)

where A is the wavelength. Inspired by [52]] and [53]], which

derived the instantaneous directivity gain of
transmitters, the array gain of can be

recast as
Gi(A0, A¢) = N, N, [AF(AG, Ag))?

(@) [sin2 (TN ,) ] [ sin? (T Ny,
N, sin®(7¢,) | [ N, sin®(mib,)

] , (6
where
77[}ac =
dy .
Py = Y sin(Af) cos(A¢),

df sin(Af) cos(Ad),

)

and (a) follows from [54]]. Assuming that the optimal beam-
forming vector is used, i.e., Af = A¢ = 0, the antenna gain
is then given by

G = G4(0,0) = N, - N,,. (8)

D. Power Model

In our model, we consider the power for hovering, which
maintains the UAV aloft and permits its mobility, and for com-
municating to the GUs in both ABF and HBF configurations.

1) Hovering Power: The power consumption model of
multi-rotor UAVs include three components [55]: (i) induced
power (Pr), which produces thrust by propelling air down-
wards, (ii) profile power (Pp), which overcomes the rotational
drag of rotating propellers, and (iii) parasite power (FPpq;),
which resists body drag between the UAV and the wind. These
components are expressed as

Pr(T, Voers) = aT [Vt 4 [(Vget)2 1+ T ©)
Pp(T, Vair) = caV'T3 + ¢5(Vaiy cos oy )2V, (10)
Ppar(Vair) = C4Va31‘ra (11)
T = \/[mg — (5 (Vair cos @)? 4+ c6T)]2 + (caV2,)?, (12)

where T, mg, and V,,; are the UAV thrust, gravity, and
vertical speed, V. is the horizontal airspeed, and ¢, is the
angle of attack. k1, ko, ca, c3, ¢4 and c5 are related constant pa-
rameters. When the vertical speed and the horizontal airspeed
are equal to zero (e.g., when considering UAVs hovering at
fixed locations, as assumed in this study), the hovering power
consumption can be expressed as

Pho’uer = PI(T7 O) + PP(T7O) + PPU«T(O)

= (c1 + c2)(mg)®/?, (13)
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where ¢; = k1/ks. The hovering power consumption deter-
mines the maximum UAV endurance, range, and flight speed,
which, based on Eq. (T3), mainly depends on the UAV gravity.

2) Communication Power: The ABF and HBF architectures
are shown in Figs. [2] and [3] respectively. The total static
power consumption of each scheme required for communi-
cation towards the ground can be evaluated by the following
expressions [[56[:

Papr =Ppa+2Ppac+ Prr+ Psp+ Np(Pps), (14)
Pupr =Ppa+ Nrr (2Ppac + Prr + Psp)
+ Nr(NrrpPps + Pc), (15)

where Nt is the total number of antenna elements in the
UAV’s array, Nrp is the number of RF chains, and Ppg4,
Ppgs, Psp, Pc represent the power consumptions of the power
amplifier, phase shifter, splitter, and combiner, respectively.
In Egs. (T4) and (15), Prr and Ppac identify the power
consumption of the RF chain and DAC, respectively. We
consider an RF phase shifting approach, which modifies the
phase on the RF path directly. Moreover, we deploy DACs with
a binary-weighted current-steering topology which does not
involve buffering, thus allowing high-speed conversions [57].
Hence, power consumption can be evaluated respectively as

Prr =Py + Pro+ Prpr + Pu + PeBamp, (16)
Ppac=15x107%.204¢ 1 9x 1072 . bpac - Fg, (17)

where Py, Pro, Prpr, Pu, PpBamp are the power con-
sumption of mixer, local oscillator, low pass filer, 90-degree

hybrid coupler with buffer, and base-band amplifier, while Fg
and bpac are the DAC sampling frequency and resolution,
respectively.

Overall, considering both UAV hovering and communica-
tion modules, the total power consumption for a UAV-assisted

transmitter can be expressed by

Pt%*?F = PABF + Phoverv (18)
Pt};FF = PuBr + Phover- (19)

IV. POWER CONSUMPTION ANALYSIS
In this section, we first calculate the main lobe

beamwidth (HPBW))| of the VB and TBs (Sec. [[V-A), then we

derive an analytical expression for the power consumed by
UAVs implementing ABF or HBF to provide connectivity to
a certain of size Siot (Sec. TV-B).

A. Coverage Model
The main lobe [HPBW]| for a UPA is given by [54]

1
Op(8,0) = \/COSQ 0[072 cos? ¢ + @Zf sin® ¢’ 20

where 6 and ¢ represent the antenna elevation and azimuth

angles, respectively. In Eq. 20), ©r, (©r,) is the for
a of N, (N,) elements along the x-axis (y-axis), i.e.,

Op, =7 — 2cos ! (;p?ﬁ;), 1 € {xz, y},

2

where p = d/), d is the antenna separation, A is wavelength,
and Ny = N, x N, is the total number of antenna elements.
For the VB, which is perpendicular to the ground (i.e., § = 0),
the HPBW can be calculated directly as

Oy = 0p(0,9). (22)

As such, we define ryp = htan(©)B/2) the radius of the
coverage area shaped by the VB, as depicted in Fig. [I] For
the TBs, which are adjacent to the VB, the HPBW is

Op” = 0p (01" + 035%)/2,9). (23)

In this case, we call 7t = htan(©}B/2 + OLB) the dis-
tance between the projection of the UAV on the ground plane
and the edge of the footprint shaped by the TB, as depicted
in Fig. [T} In Fig. @ we illustrate how the HPBW scales as a
function of p and Np. The results show that, while TBs exhibit
a larger HPBW, especially when p is small, the footprint of
both VB and TBs is inversely proportional to the antenna size
and grows with the antenna separation distance.

Theorem 1: According to the coverage model introduced
above, the (circular) coverage area of a VB and the (oval)
coverage area of a single TB are derived respectively as
(24
(25)

2
SvB = Tryg,
STB = 7rab,

where parameters a and b, which represent the two semi-axes
of an ellipse, are given by

a =1 - h[tan(O)P + OFF) — tan(0}P)],

1 (26)
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and O, is the half of ©%, i € {VB,TB}.

Proof: 1t is obvious that the VB covers a circular area
of radius ryp = htan(©)P). For the VBs, it is common
knowledge that the cross section of a cone and plane is an
ellipse, which proves the assumption that TBs cover an oval
area. The length of the two semi-axes of the ellipse can
be derived by applying the well-known properties of similar
triangles, and the details are omitted here. |

Therefore, the coverage area of an ABF UAYV, shaping one
single VB, and that of an HBF UAV, forming Np parallel
beams, can be expressed as

Sapr = SvB, (28)

Susr = Sve + (Np — 1)StB. (29)

B. Power Consumption

Finally, we can evaluate the power consumed by the
UAVs to provide coverage service to an Aol of size Siot.
Let Napr = [Stot/SaBr| and Nupr = [Stot/Supr| be the
number of UAVs required to cover the Aol in case ABF or
HBF is implemented, respectively. Overall, the total power
consumption (which is due to both hovering and communica-
tion) for the ABF and HBF configurations is given based on

Egs. (T8) and (T9) by
PABF = Napr - PABY — Nagr - (Prover + Pagr), (30)
PHBY — Nypp - PHBF — Nupp - (Phover + Pasr). (31)

V. STOCHASTIC ERGODIC CAPACITY ANALYSIS

In this section, we evaluate the stochastic ergodic capacity
of a UAV network implementing ABF or HBF.
Specifically, in Sec. [V-A] we present the association rule for
the and provide a probabilistic expression for the UAV-
[GU] serving distance, while in Secs. and we derive
the ergodic capacity experienced in the [VB] or and when
configuring ABF or HBF, respectively.

A. Association Probabilities

In order to facilitate the analysis, we evaluate the association
probabilities between a reference UAV and from a [2D]
perspective. Specifically, we make the assumption that UAVs
form their beam(s) towards and communicate with the closest
available within their respective coverage regions. Indeed,
let ,, be the distance between the projection of the reference
UAV on the user plane and the n-th closest user on the ground,
which means that there are (n — 1) [GUs] at distance smaller
than r,,. Since the process ®,, for the [GUS[ distribution is a 2D
homogeneous PPP with intensity measure \,, we can derive

the F, (r) of r, as [38]
F. (r)=

1 —P[ry, > 7]
1 —P[(n — 1) GUs closer than ]

=1—

—1
e—)\uﬂrz ”z: (/\uﬂ-r2)k

R 32)

k=1

Consequently, the [probability density function (pdf)|of r,, can
be derived as

dF;., (r) 2n—1 2
T = —)" = n )\u | —
frar) = S = T )
In case a single (vertical) beam is formed, i.e., ABF or HBF
with Np = 1, the reference UAV steers the VB towards the
closest [GU} We can then evaluate the [pdf] of the 2D distance
between the UAV and the closest[GU] i.e., 1, from Eq. (33) as

VB(r) = Y S WS

e~ M (33)

(34)

Since GUs’ distribution is PPP with density )., the average
number of users within VB’s footprint is equal to A\, Sy =
TAurdy, where ryp = htan(©)YB/2) is the radius of the
coverage area described by the VB, as discussed in Sec. [[V-A]



mr I(mp) mL— j) e—AL
NP (r)

mel ZJ mr—J
o B

mp,

P (yn)dyndtdr (37)

[mr ]) e~ AL

(memt 4 5o, Elmad,
T

B (r)py (yw ) dyndtdr (39)

In case tilted beams are also available, i.e., HBF with 2 <
Np < Ngp, the reference UAV forms a TB towards the 72-
th closest with 7 = floor(A\,7r%g) + 1 corresponding
to the first outside VB’s coverage. Based on the above
definition, we can evaluate the @ of the 2D distance between
the UAV and the 7i-th closest i.e., r, from Eq. (33) as
2

2n 1()\ 7T) e*)\uﬂ"l‘Q.

TB
(r) = (n — 1)!

7

(35)

B. Ergodic Capacity of Vertical and Tilted Beams

In this subsection we provide an analytical closed-form
expression for the ergodic capacity 7VB and 7B for a target
[GU] within a VB or TB, respectively. The ergodic capacity is a
function of the[Signal to Noise Ratio (SNR)|experienced by the
GU attached to a reference UAV at distance R = v/r2 + h?
which, due to the presence of LOS and NLOS conditions for
the channel, can be expressed as a function of r as:

PG [yepr(r)le(r) + ynpn (r)in(r)]
Np - NF - o2 '

In Egq. , P, is the total transmitter power, G is the
beamforming gain, ~;, p;(r), and ¢;(r), i € {L, N}, rep-
resent, as introduced in Sec. the small-scale fading,
probability, and path gain, respectively, NF is the noise
figure, and o2 is the power of the thermal noise. Furthermore,
1 < Np < Npp is the number of beams produced by the
UAV simultaneously (where, of course, Np = 1 for ABF)E]

SNR(r) = (36)

Theorem 2: The ergodic capacity for a target located
within a VB can be written as in Eq. , where Ap =
mp/Qr - B(t,vn), B is the system bandwidth, p,(yn) is
the probability distribution of the small-scale fading for
NLOS propagation, and

th2 _1)NpNFo? - PG 4
Bt ) = NpRFo™~ BGnpr(n)in(r) - (3,
P.Gpr(r)lr(r)
Proof: The proof is given in Appendix ]

Theorem 3: The ergodic capacity for a target [GU] located
within a TB can be written as in Eq. (39), where rrp is the
distance between the projection of the UAV on the ground
plane and the farthest user within the TB, as described in
Sec.

Proof: The proof follows a similar method as that of
Theorem 2 and is omitted here. ]

'When HBEF is used for transmission, the power available at each transmit-
ting beam is given by the total transmit power divided by Np, thus potentially
reducing the received power [13]].

C. Ergodic Capacity of ABF and HBF' Architectures

Based on Theorem [2]and Theorem [3| we present the ergodic
capacity experienced when implementing an ABF (7apr) or
HBF (typr) architecture. For ABF, the UAV steers a single
VB, therefore

TABF = TVB- (40)

For HBF, the UAYV steers one VB and N — 1 additional TBs,

therefore

7ve + (Np — 1)7rB
Np '

THBF = (41)

VI. PERFORMANCE EVALUATION

In this section, we first introduce the simulation scenario
and system parameters (Sec. [VI-A), then we present some
numerical simulations to evaluate the power consumption
(Sec. and ergodic capacity (Sec. of UAV-assisted
mmWave systems implementing ABF or HBF. The results are
based on the analytical models described in Secs. and
which are validated by Monte Carlo simulations.

A. Evaluation Scenario and Parameters

Table |I| summarizes the configuration parameters for the
communication scenario. Notably, we consider a circular Aol
of size Sio; = 1000 m?, which represents a typical public
safety scenario [69]. GUs are then deployed according to a
of density )\, € {0.005,0.01,0.05} GUs/m?. The ref-
erence UAV is an IRIS+ quadrotor of weight w = 1.5 kg
and parameters ¢; + ¢ = 2.84 (m/kg)'/? measured in [55],
which hovers at height A ranging from 10 to 100 m. UAVs are
equipped with UPAs of N7 = N, x N, elements separated
by a quarter of a wavelength to reduce grating lobes, i.e.,
p = 1/4 [63]], and operate at frequency f. = 28 GHz with
a bandwidth B = 1 GHz. The transmit power P; and noise
power o2 are set to 20 dBm and —84 dBm, respectively, while
the noise figure is equal to 5 dB [22]].

For the channel model, we consider the parameters in
Table for an urban scenario, the S-curve parameters for
the probability in Eq. (I)) are given in [47]], the path gain
factors 7); and k;, i € {L, N} are taken from [68]], while the
Nakagami fading values are adopted from [50].

As described in Sec. a mmWave communication
system implements several electronic components. In order to
consider a relatively equitable power model for ABF and HBF
architectures, we consider the most efficient implementation
of each module and ideal parameter settings, as reported
in Table [ The power consumed by power amplifiers with
[power-added efficiency (PAE)| £ is given by Ppa = P;/¢,




TABLE I: Parameters of the communication scenario and power consumption.

Communication scenario

Power consumption

Parameter Description Value Parameter  Description Value
Stot Area of Interest 1000 m? Pp g Power amplifier [[57] P/, & =2T%
Au GU density {0.005, 0.01, 0.05} GUs/m? Ppg Phase shifter [59] 21.6 mW
w UAV weight [55] 1.5 Kg bpac DAC bits {1....,10}
c1 + co UAV hovering parameters [55] 2.84 (m/kg)l/2 Pro Local oscillator [60] 22.5 mW
h UAV deployment height {10,...,100} m Po Combiner [61] 19.5 mW
Nz x N, Antenna array size {[9 x9],...,[17 x 17]} Py Mixer [62] 16.8 mW
p Antenna separation [63] 1/4 Py 90-deg hybrid coupler [[64] 3 mW
Py Transmit power 20 dBm Prpr Low pass filter [65] 14 mW
fe Carrier frequency 28 GHz Pppamp  Base-band amplifier [66] 5 mW
B System bandwidth 1 GHz Psp Splitter [56] 19.5 mW
o? Thermal noise —84 dBm Fg Sampling frequency 1 GHz
NF Noise figure 5 dB
TABLE II: Parameters of the channel model.
—— HBE Ngr =1 HBE, Nrr = 3 HBF, Nrr =5
Parameter | LOS Value NLOS Value —p— HBF, Nrr = 7 —¢— HBF, Nrp = 9 - - - ABF
Nakagami-m shape parameter [67] | my = 3 my = 2
Nakagami-m spread parameter [67] | Qp =1 Qy =1 60
Additional attenuation factor [68] | nr = 107614 ny = 10772
Path loss exponent [68] Ky = 2 KN = 2.92 %
LOS probability parameters [[47] p =9.6117 q = 0.1581 g 10
-
g
where where P; is the actual transmit power: following [57]], o
we adopt £ = 27%. We then implement active phase shifters E_ ) |

which, at the expenses of lower linearity performance com-
pared to passive elements, exhibit higher gain and resolu-
tion: the measured result shows that Ppg = 21.6 mW [59].
Moreover, we consider the values reported in [[60] for local
oscillators, [[61]] for combiners, [62] for mixers, [[64] for 90-
deg hybrid couplers with buffers, [65] for low pass filers, [|66]]
for base-band amplifiers, and [56] for splitters. Finally, the
number of DAC bits bpac varies from 2 to 8, to consider
different resolutions, while the sampling frequency is fixed to
F S = 1 GHz.

B. Evaluation Results: Power Consumption

In this subsection we study the impact of the antenna array
size, the number of RF chains and beams, and the DAC res-
olution, on the power consumption of UAV-assisted mmWave
networks implementing an ABF or HBF configuration. In
Fig. [5a we plot the impact of the sole communication module
on the UAV power consumption vs. the antenna array size.
As expected, the power consumption is a direct function of
Nr. In fact, Egs. (T4) and (T3) make it clear that configuring
larger arrays would also proportionally increase the number
of electronic components (specifically phase shifters) in both
ABF and HBF architectures. Still, ABF consumes less power
than its HBF counterpart since it requires only a single
RF chain. The gap between the two schemes increases as
Npgr increases, due to the use of more power-consuming
electronics, first and foremost DACs and phase splitters in the
hybrid domain.

Nevertheless, Fig. @ demonstrates that, if we investigate
the total power consumption due to both hovering and com-
munication for the ABF and HBF schemes, results would be
radically different. Notably, despite using more power-hungry
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(a) Power consumption of the sole communication module.
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(b) Total power consumption with Nrr = Np.

Fig. 5: Power consumption vs. N for ABF and HBF as a function of Nrp
and Np, when h = 10 m and bpac = 6.

blocks, HBF results in more efficient operations than ABF
when Np > 1. In particular, power consumption can be re-
duced by up to 4.5 times when HBF with Np = 5 is adopted.
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Fig. 6: Total power consumption vs. h for ABF and HBF as a function of
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Fig. 7: PéBF/PgBF vs. the DAC resolution and the number of RF chains,
when Np = 1 and Np = 3.

This is due to the fact that the total power consumption
is dominated by the hovering power, which is proportional
to the UAV swarm size, since the communication module,
which consumes up to 63 W when Ny = 289 (as illustrated
in Fig. [5a) accounts only for a small amount of the overall
power budget. Indeed, from Egs. and (B1), it is clear that
HBF, which forms multiple parallel TBs simultaneously, can
cover a larger service area compared to ABF, thus potentially
reducing the number of UAVs that need to be deployed to
achieve full service coverage, i.e., Nupr < Napr. According
to Eq. (23), Nugr can be also reduced by increasing h, thereby
geometrically extending the coverage region shaped by the
TBs projected on the ground, which would result in even
lower power consumption with respect to ABF, as illustrated
in Fig. [q

Finally, Fig. |7| shows the effect of the DAC resolution and
the number of RF chains on the total power consumption.
We observe that the ratio between the power consumed when

ABF is used (PAPF) and that when HBF is preferred (PEBY)
is greater than 1 when Np > 1, thus acknowledging the
conclusion that HBF results in more efficient UAV operations
than ABF when multiple parallel TBs are steered. The optimal
deployment is to set Np = Ngp, so as to avoid using more
RF chains (the most power consuming electronic block) than
the actual number of beams used for communication. Finally,
it is evident that both PAEF and PHEF are almost independent
of the DAC resolution. Such commonly accepted conclusion
that HBF suffers from high power consumption is the result of
implicitly assuming that high resolution and wide band DACs
dominate the overall energy budget [70] while, in turn, the
main power constraint is represented by the hovering power,
i.e., the UAV swarm size, rather than communication hardware
components.

C. Evaluation Results: Ergodic Capacity

We now investigate the downlink ergodic capacity for ABF
and HBF architectures as a function of different UAV-specific
parameter configurations. In the following figures, the markers
indicate the Monte Carlo simulation results, which we obtained
by generating 1000 random realizations of a PPP for the GUs’
distribution across the Aol of size Sio; = 1000 m2, while the
lines represent the numerical results for the analytical model,
solved using the MATLAB Symbolic toolbox.

Figs. [8a and [8b] show the downlink ergodic capacity when
UAVs implement ABF or HBF with Np = 2, respectively,
vs. the deployment altitude h and the antenna array size, with
Ay = 0.05 GU/m?. First, it is clear that the numerical results
closely follow the analytic curves representing Eqs. (@0)
and (41), thereby validating our theoretical framework. Sec-
ond, we see that the large spectrum available at
makes it possible to achieve multi-Gbps transmission rates,
thereby opening up new opportunities for next-generation
public safety networks [71]. Third, we observe that the curves
of the ergodic capacity are bell shaped, and the peak value ap-
pears at a specific altitude h*, which typically ranges between
20 and 40 m. On one hand, when the UAVs are deployed at
low altitudes, the LOS probability is small, and the increased
path loss in NLOS results in degraded channels. Consequently,
Tapr and Tgpp improve for increasing h, thus establishing
more favorable propagation conditions. On the other hand, for
higher altitudes, even if the link is likely in LOS, the impact
of the increased distance between the GUs and their serving
UAVs decreases the overall link budget, preventing successful
communications. As expected, the ABF capacity (Fig. [8a) for
h = h* is higher than its HBF counterpart (Fig. [8b). This is
due to the fact that, in HBF, the transmit power has to be split
among Np parallel streams, thus reducing the received power
in the VB and TBs and, consequently, the achievable data rate.
However, while HBF’s capacity degradation is quite limited
(e.g., —7% at h* = 30 m when Ny = 13 x 13), the hybrid
approach has the potential to improve the ergodic capacity
when h < h* compared to an analog architecture. At low
altitudes, in fact, according to the HPBW model in Eq. ,
the (single) analog VB shapes a very small coverage region
on the ground plane, increasing the risk of leaving some GUs
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Fig. 8: Ergodic capacity of ABF and HBF vs. the deployment altitude and the
antenna array size, when Np = 2 (for HBF) and A\, = 0.05 GU/m2. The
lines represent the results from the analytical model, and the markers indicate
Monte Carlo simulations.

unserved, which may instead lay within the coverage umbrella
of HBF’s TBs: at h = 10 m, HBF improves the capacity by
up to 33% compared to ABF when Ny = 17 x 17.

Fig. [8] also exemplifies the significant impact of the antenna
array size on the overall capacity performance. If h < h*, it
becomes convenient to reduce the number of antenna elements,
which also results in lower power consumption for the UAV
(see Fig. [3b). In fact, reducing Ny permits to produce wider
beams (as also depicted in Fig. ), thus increasing the coverage
area shaped by the projection of the VB and TBs onto the
ground which, at low altitude, is quite limited: at A = 10 m,
ryg doubles from 1.047 m when Ny = 17 x 17 to 2 m when
Ny =9 x 9. If h > h*, the beamwidth is already sufficiently
large to allow for continuous coverage (thanks to the widening
of the beam’s projection on the ground with the distance),
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Fig. 9: Ergodic capacity of ABF and HBF vs. the deployment altitude, the
antenna array size, and the number of parallel beams in HBF, when A\, =
0.05 GU/m?.

while increasing the array size permits to achieve higher gains
by beamforming and combat the severe path loss experienced
at high altitudes.

The same conclusions can be derived from Fig. 0] which
shows the ergodic capacity of the ABF and HBF schemes
as a function of Np. We can see that HBF indeed exhibits
higher capacity than ABF at lower altitudes, especially when
considering large-size antenna arrays. In these circumstances,
the performance improvement grows consistently with Np,
i.e., as more parallel hybrid TBs are configured; e.g., when
Np =17 x 17 and h = 10 m, HBF with Np = 6 guarantees
the highest available capacity. However, for larger values of £,
HBF underperforms ABF since the transmit power has to be
subdivided among Np parallel beams, thus further reducing
the received power which is already significantly deteriorated
by the strong path loss experienced at high altitude.

The GU density is another key parameter of the network.
Along these lines, Fig. illustrates the ergodic capacity of
the ABF and HBF architectures for different values of A,,.
We clearly see that ABF’s capacity drops when )\, decreases.
The reasons are twofold. First, considering sparser networks,
Eq. (34) demonstrates that the distance to the serving UAV
increases, which results in weaker channels. Second, when
fewer GUs are deployed, the probability that they will be
placed within the coverage of the single VB decreases ac-
cordingly. In this perspective, an HBF configuration has the
potential to guarantee better capacity by making it possible
for the (sparse) GUs to still maintain connectivity with one of
the available TBs: the performance gap grows proportionally
with Np, since more parallel TBs result in more connectivity
opportunities for the GUs. Fig. [I0] also demonstrates that the
altitude for which the peak value is reached increases as A,
decreases: this approach (i) offers better signal quality by
increasing the LOS probability (which has, therefore, a more
significant impact than the resulting larger path loss), and (ii)
produces larger VBs (which generate larger coverage regions).
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D. Final Comments and Design Guidelines

Based on the results we presented in the previous subsec-
tions, we now provide some guidelines to optimally dimension

a UAV-operated network at frequencies to jointly
optimize power consumption and ergodic capacity.

ABF vs. HBE. In general, ABF provides the highest ergodic
capacity since the transmit power is concentrated towards a
single vertical beam, while HBF can minimize the total power
consumption when Np > 1 by reducing the number of UAVs
that need to be deployed to achieve full service coverage.
However, it should be noted that the capacity degradation
for HBF is quite limited (e.g., only —6% for Np =9 x 9
and Np =2 at h* =25 m, as illustrated in Fig. B[), in
the face of a performance improvement in terms of power
consumption by 60% (as depicted in Fig. |§|), thus making
HBF an attractive option. Moreover, Fig. [T]] illustrates that
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HBF guarantees better power efficiency, which is computed as
7;/PL, i € {ABF,HBF}, in sparse deployments (i.e., A, =
0.005 GU/m?, which identify a typical emergency situation
in public safety scenarios) for all investigated configurations,
by offering the GUs more connectivity opportunities through
tilted beams. Fig. [TTb] also exemplifies that HBF outperforms
ABF when decreasing the UAV altitude, and when increasing
the antenna array size (which is required to serve the traffic
of the farthest GUs through the resulting higher gain achieved
by beamforming).

Impact of h. From a theoretical point of view, it would be
preferable to increase the deployment altitude to expand the
service region shaped by VBs and TBs on the ground, and
consistently reduce the number of UAVs that are required to
cover the Aol. In practice, there exists an optimal value h*
that maximizes the ergodic capacity: for h > h*, despite the
more likely LOS links, the impact of the increased path loss



between the GUs and the serving UAV reduces the overall
link budget, thus leading to intermittent connectivity. Notably,
the value of h* increases as A, decreases, especially when
ABF is implemented. For example, Fig. [[0a] shows that, for
Nr =9 x 9, h* moves from 60 m when \,, = 0.005 GU/m?
to 30 m when )\, = 0.05 GU/m?.

Impact of Np and Nrr. HBF permits to form Np parallel
beams to serve multiple GUs simultaneously from the same
UAV station. This approach (i) guarantees reduced power
consumption compared to ABF, and (ii) offers higher ergodic
capacity when UAVs hover at low altitude. Nevertheless, Np
exhibits a maximum, that is inversely proportional to the GU
density \,, above which increasing the number of TBs would
deteriorate the ergodic capacity (as the transmit power has to
be split among more directions simultaneously) with limited
performance improvements in terms of power consumption.
Finally, the optimal design would be to set Np = Ngr.

Impact of Np. In general, Ny should be reduced as much
as possible. Not only can this strategy minimize the total
power consumption (by reducing the number of electronic
components in the RF chain(s)), but it can also improve
the ergodic capacity by allowing UAVs to generate larger
connectivity regions on the ground. However, Ny might still
need to be increased, despite the higher power consumption,
to provide connectivity (i) when h is large, or (ii) when A,
is small, i.e., when the distance to the serving UAV increases.
For example, from Fig. [§| we can see that the ergodic capacity
grows by more than 30% when Nr is increased from 9 x 9
to 17 x 17 at h = 100 m.

VII. CONCLUSIONS AND FUTURE WORK

In this work we characterized the ergodic capacity and
power consumption of UAV mmWave networks and inves-
tigated the relationship between UAV altitude, GU density,
and antenna design. Our model takes into account the power
consumed by both UAV’s hovering and communication hard-
ware components, and derives an analytical expression of the
ergodic capacity for ABF and HBF architectures. We validated
our analytical curves via Monte Carlo simulations, and demon-
strated that there exists an optimal altitude at which the UAV
should be placed to improve network capacity, which depends
on the GU density and the adopted beamforming architecture.
Specifically, we showed that HBF always consumes the least
power, especially when increasing the antenna array size, with
minimum capacity degradation compared to ABF. Moreover,
the hybrid approach outperforms ABF in terms of capacity too
when considering sparse GU deployments and when the UAV's
hover at low altitudes (e.g., during take off or when civil flight
authorities pose a limit on the height of the UAV).

This work opens up some particularly interesting research
directions, such as the definition of a hybrid mechanism able
to dynamically identify the recommended network configura-
tion(s) as a function of the UAV swarm size, altitude, and
antenna architecture. We will also investigate how to practi-
cally integrate UAVs with other non-terrestrial platforms like
or satellites to promote ubiquitous and high-capacity
global connectivity to on-the-ground devices.

APPENDIX A
PROOF OF THEOREM [2]

With the assumption that the small scale fading is modeled
as a Nakagami-m random variable ; with parameter m; and
Q;, i € {L, N}, for a given constant x > 0, the probability
P[y; > x] can be written as

Ply; > 2] =1 — Ply; < 2
=1-P (mi, Tg:ﬁ)

mi .2
u(mi,mx)
-1 - 7/

I'(m;)
?Tf’” m;—1,—1
—1_ M (42)

where P(my, %xQ) is the (regularized) incomplete gamma
function, and w(m,, a 2) is the lower incomplete gamma
function. Let 71 be the 2D distance between the UAV and the
closest GU € &, within the VB, whose @ is expressed in
Eq. (34). The ergodic capacity experienced from the GU in
the VB can be rewritten from Eq. (36) as

B2 B, [Blogy(1l + SNR(r))]
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where (a) follows the fact that, for a positive random
variable X, E(X) = [,_ P(X >1t)dt [58], (b) is obtained
from Eq. @2), and (c) derives from

Ar
/ 1metemtdl
0

mroop ‘ A
:_(lmLfl +Z (mL) lmij)efl OL. (44)
j=2

(mp —j)

In Eq. (@3), p,(yn) is the probability distribution of the
Nakagami-m small-scale fading for NLOS propagation, and
we assumed

(et'"2 —1)NpNFo? — P,Gynpn (r)en ()

ﬂ(ta’YN): PtGpL(T>€L(7") ) (45)
Ap =GBl ). (46)
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