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ABSTRACT The aerial base stations (ABSs) can be quickly deployed to provide emergency communications
and airborne network infrastructures. How to ensure wide coverage, reliable links, and high throughput
for ground users under the conditions of limited onboard power supply, large propagation distance, and
restricted frequency resource is a critical and challenging issue. In this work, we propose a hybrid-spectrum
scheme for ABS-based airborne access networks, named dual-band aerial access (DBAA) where the ABS
employs both the UHF and S-bands to provide connectivity for ground users. The DBAA can improve
coverage range and reliability by taking advantage of the preferable radio propagation characteristics of the
low-frequency band and meanwhile improve network throughput by exploiting the large spectrum bandwidth
in the high-frequency band. Following the cross-layer approach, we first conducted a measurement campaign
on the large-scale fading of the air-to-ground (A2G) channels at 785 and 2160 MHz simultaneously.
We installed an ABS with two antennas on an airship that hovered at several altitudes from 50 to 950 m. We
measured the signal power attenuation from the ABS to a ground terminal that moved in rural, suburban,
and urban scenarios with the horizontal distance up to 70 km from the airship. Based on the measurement
data, we establish the large-scale fading channel model for ABS at different operating frequencies. Then,
we design the joint spectrum-and-power allocation algorithm to maximize the network throughput for the
dual-band airborne access network. We evaluate the performance of the optimal resource allocation based on
the proposed channel model. The simulation results show that the DBAA scheme with the optimal resource
allocation can achieve substantial performance improvement in comparison with the single-band solution
given the total spectrum bandwidth and onboard power supply.

INDEX TERMS Airborne access network, aerial base station, air-to-ground channel, channel model,

large-scale fading, resource allocation.

I. INTRODUCTION

With the development of the communication and aeronautical
technologies, the unmanned aerial vehicles such as drones,
airships, and air balloons have been increasingly utilized to
deploy aerial base stations (ABSs) [1]. The communication
equipments are loaded on these platform [2] and act as mobile
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base stations (BSs) to provide access links for ground user
equipments (UEs). The airborne access networks have great
potential in many application scenarios. ABSs can be quickly
deployed to provide emergency communications for rescue
and public safety in disasters and social events where the ter-
restrial BSs are destroyed or overloaded [3]-[5]. When build-
ing terrestrial infrastructures is too expensive or infeasible in
remote areas, ABSs can get settled in the sky and provide
persistent Internet access [6]. Furthermore, ABSs can also
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serve as the mobile sinks to collect data from ground wireless
sensor networks that monitor forests or oceans [7], [8].

Compared with the traditional terrestrial cellular BSs,
ABSs also face great challenges in providing access net-
works. First, considering the onboard power supply and the
need for aviatic propulsion, the power for single transmis-
sion is very limited. Second, the long transmission distances
between ABSs and ground terminals lead to the weakly con-
nected communication links. Meanwhile, the obstruction on
signal propagation caused by the ground buildings, trees, and
terrains may generate severe shadowing and fading especially
when the elevation angle of the ABS is small. Therefore the
large-scale fading (LSF) including the path loss (PL) and
shadowing effect (SE) in the air-to-ground (A2G) channels
is critical for the coverage and capacity of the airborne access
networks [9]. Since the A2G channel characteristics are dif-
ferent from the those of the terrestrial channels, the channel
measurement and modeling are very important for the sys-
tem design and performance evaluation [10]-[12]. However,
the study on the A2G channels are still quite limited, and mea-
surements for typical application environments and various
frequency bands are needed.

Considering the distinctive features of the airborne access
networks, we propose a dual-band hybrid-spectrum scheme,
named dual-band aerial access (DBAA), in this paper.
In DBAA, an ABS employs both a low-frequency band and
a high-frequency band (for example, utilizing the UHF and
S-bands) simultaneously to provide connectivity for ground
users. Due to the substantial different radio propagation
characteristics, combination of the UHF and S-bands is a
promising direction for the airborne access networks. We can
take advantage of the better propagation characteristics of
the low-frequency band in complicated scattering environ-
ments to improve coverage and reliability and meanwhile
increase the network throughput by exploiting the large spec-
trum bandwidth in the high-frequency band. Following a
cross-layer approach, we conducted a measurement cam-
paign on the LSF of the A2G channels in the UHF and
S-bands, and establish the multi-frequency channel model.
Then based on the channel model, we design and evaluate
the joint spectrum-and-power allocation scheme for the dual-
band airborne access networks to maximize the throughput
and coverage.

First, we conducted the field measurement and measured
the LSF of the A2G channels in various terrestrial environ-
ments for ground UE access. The channels were sounded
by using two single-tone signals at 785 and 2160 MHz.
The transmitter (TX) was equipped with two omnidirectional
antennas for the two frequencies and mounted on the sole-
plate of an airship. The airship hovered at several altitudes
from 100 to 1000 meters. The antennas of the receiver (RX)
were installed on the top of a van and moved along two
countryside roads to different directions. The received signal
strength (RSS) was measured when the horizontal distance
between the TX and RX was changed from 0 to 70 kilometers.
Based on the measured RSS along the roads, we establish
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the statistical LSF model with respect to the horizontal dis-
tance, ABS altitude, and operating frequency. The measure-
ment results and models present the new features of the
low-altitude A2G channels different from the traditional ter-
restrial cellular channels, such as the PL exponent, standard
deviation of the SE, and the dependency on the ABS altitude.
The results can help to extend the current A2G channel
models and support the design of the DBAA networks.

Second, we design the DBAA scheme for airborne access
networks to serve ground users. Each user can communicate
with the ABS using either the UHF or the S-bands, and the
subchannels and transmission power are allocated to the users
according to the channel condition and link capacity require-
ment. We propose the joint spectrum-and-power resource
allocation algorithm for the DBA A networks to maximize the
network throughput. Based on the established A2G channel
models, we formulate the joint resource allocation problem
with the objective to maximize the total data rates of all users,
constrained by the limited onboard power supply, frequency
bandwidth, and ABS altitude (large-scale channel fading).
To solve this mix-integer programming problem, we design
a two-state cost-efficient algorithm. We first devise a low-
complexity spectrum assignment algorithm based on our the-
oretical analysis. Afterward, by adopting the Lagrange dual
technique, we propose an iterative power allocation algorithm
to obtain the optimal transmission power for each user.

We have performed extensive simulations of the designed
DBAA scheme based on the established A2G channel model.
The results show that, with the joint resource allocation opti-
mization, the DBAA scheme can obtain about 46% and 73%
network capacity gain compared with the low-frequency-
band-only scheme and high-frequency-band-only scheme,
respectively. Furthermore, the subchannel allocation opti-
mization can lead to about 36% increase in the network capac-
ity, while the optimal power allocation can provide only about
19% improvement. This indicates that dual-band coverage
can enhance the network performance significantly by fully
exploiting the large bandwidth in the S-band to improve the
network capacity and meanwhile the preferable propagation
characteristics in the UHF-band to provide large-area cov-
erage for long-distance ground users. Therefore, the DBAA
scheme with the resource allocation optimization pro-
vides an efficient approach for the airborne access
networks.

The rest of the paper is organized as follows. Sec. II
presents the related works in the measurement and modeling
of the A2G channels and the performance evaluation. Sec. III
introduces the network model of the DBAA scheme. The
A2G channel sounding system, measurement scenario and
results, and LSF models are presented in Sec. IV. Sec. V
provides the design of the joint spectrum-and-power alloca-
tion algorithm. The numerical results of the performance of
different schemes for the airborne access networks based on
the A2G channel models are presented in Sec. VI. Sec. VII
concludes the paper and points out the future research
issues.
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Il. RELATED WORK

We first review the efforts in the A2G channel measurement
and modeling, and then discuss the works on the airborne
networks. Given the numerous efforts in this area, we mainly
focus on the most relevant works in this section, and a more
comprehensive survey can be found in [13] and [3].

A. A2G CHANNEL MEASUREMENT CAMPAIGNS

In the early studies on the A2G communication links [14],
the channel impulse responses (CIRs) in the VHF and UHF
frequency bands were measured. The authors in [15] pro-
posed a method to design an aeronautical channel model
for block-data transmission in the frequency domain. The
authors in [16] presented a measurement campaign on the
A2G channels for the unmanned aircraft service (UAS)
scenario. A measurement setup was established where a
signal was continuously transmitted from a small manned
airplane with a bandwidth of 20 MHz at the center fre-
quency of 5060 MHz. A vector signal analyzer on the ground
recorded the IQ waveforms of the received signals and
obtained the RSS. To develop the control and non-payload
communication (CNPC) system in the National Airspace
System (NAS), the authors in [17] studied the A2G chan-
nel characteristics in over-water, hilly, mountainous, suburb,
and near urban scenarios. The PL. was modeled by a mod-
ified log-distance model with a correction for flight direc-
tion, and the small-scale fading (SSF) was modeled by the
Ricean distribution and the tapped delay line models with
up to seven intermittent multipath components (MPCs). The
authors in [18] provided a brief summary of the measure-
ments and models of the A2G channels for the altitude range
from 500 to 2000 meters. The PL generally followed the free-
space model but had significant two-ray attenuation peaks
(exceeding 18 dB) for relatively smooth earth surfaces. The
SSF was also found to follow the Ricean distribution. The
airframe shadowing was also found potentially severe. Mean-
while, the authors in [19] and [20] provided a good reference
for the wireless channel analysis.

The European commission project ABSOLUTE focuses
on the low-altitude platforms (LAPs) in the airborne network
recovery solutions. The works in this regard can be found
in [21] and [22]. Particularly, the authors in [21] measured
the low-altitude A2G channel to support the development
of high-capacity A2G links for range extension. The mea-
surements revealed significant spatial diversity despite the
sparse multipath environment. In [22], the authors presented
an experimental study of the A2G channels over sea surface
at the C-band (5.7 GHz) with low altitudes (from 370 to
1830 meters). The multi-path statistics and the propaga-
tion loss at different airborne altitudes were also estimated.
In [23], the authors performed a measurement campaign
on the aerial access channels between a unmanned aerial
vehicle (UAV) and a ground BS in the typical urban and
rural macro-cell scenarios. The channels were sounded at
2412 and 919 MHz with the maximal horizontal distances of
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420 meters and 10 kilometers in the two scenarios. The statis-
tical PL models were proposed based on the 3GPP terrestrial
channel models but adjusted by adding the correction factors
(CFs) and dependency on the UAV altitude.

B. WORKS ON AERIAL BASE STATIONS
In [1], the authors proposed an optimal placement algo-
rithm for UAV BSs that maximized the number of covered
users using the minimum transmission power. The UAV-BS
deployment was modeled in the horizontal dimension as a cir-
cle placement problem and a smallest enclosing circle prob-
lem. To minimize the number of ABSs in providing wireless
coverage for a group of distributed ground terminals (GTs),
the authors in [24] proposed a polynomial-time algorithm that
placed ABSs sequentially starting on the area perimeter along
a spiral path toward the center, until all GTs were covered.
Numerical results showed that the proposed algorithm per-
formed favorably compared with other schemes in terms of
the number of ABSs and complexity. In [25], the authors
proposed a routing protocol in drone-cells communication
networks where ABSs remained stationary in the sky as
relays. To relieve the network congestion caused by heavy
traffic, a novel queue architecture was designed that could
significantly reduce the queueing process at each network
node. A new routing metric was also proposed based on the
queuing and transmission delay to improve the performance.
Furthermore, the authors in [26] studied the deployment of
UAV-BSs in the presence of a terrestrial network. This pro-
vided the estimation of the number and locations of hovering
UAV-BSs needed to support a terrestrial network. A stochas-
tic geometry-based network planning approach was also pro-
posed for multiple UAV-BSs in a large-scale network. Several
papers (e.g., [27], [28] and [29]) have also studied related
issues. The authors in [30] investigated the maximization of
the coverage for a UAV-BS under the constraint of trans-
mission power. By modeling the low-altitude A2G channel
and setting up the relationship between the antenna beam
angle and antenna gain, the authors formulated the energy-
efficient coverage problem as a 2-dimensional optimization
equation with respected to the flight altitude and beam angle.
The authors in [31] investigated complementing the capacity
of an existing macro-cell BS by dynamically placing a net-
work of 5G small BSs on UAVs. Two clustering algorithms
were proposed based on the mobile users’ spatio-temporal
traffic demand. Based on the real trajectory data in Beijing
downtown, the numerical analysis showed that the proposed
algorithms could enable real-time connection provisioning.
Although the channel characterization and system design
of the airborne communication networks are emerging in
recent years, the work in this paper makes new contributions
in three aspects. First, the channel measurements in the liter-
ature were performed at various frequencies separately. The
propagation characteristics of two frequency bands cannot
be compared accurately without sounding in the same physi-
cal environment simultaneously. In this work, we utilized a
dual-band sounder and measured the LSF in the UHF and
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S-bands simultaneously. Thus the channel parameters can be
compared more accurately, and the results enable the eval-
uation of the hybrid spectrum scheme. Second, we address
the issue of providing connectivity for massive users using
an ABS, instead of the traditional point-to-point aircraft data
links. The system capacity in supporting a large number of
users in a wide area is the key requirement. The proposed
DBAA scheme is suitable for the airborne access networks
that require large coverage and high throughput simulta-
neously. Third, we combine the channel measurement and
model with the network design using a cross-layer approach.

1Il. DESIGN OF DUAL-BAND AIRBORNE

ACCESS NETWORK

Motivated by the distinctive features of airborne access net-
works, we propose the DBAA scheme as illustrated in Fig. 1.
An ABS provides connectivity for ground UEs and mean-
while it has a backhaul link to the backbone network such
as the Internet. The ABS employs both the UHF and S-bands
simultaneously to provide hybrid-spectrum access links. In
general, the UHF-band signals have much better capabilities
of penetrating obstacles and diffraction to circumvent obsta-
cles. However, the signal bandwidth is small and has limited
link capacity. On the other hand, the S-band can use a large
bandwidth to achieve high data rates, but suffers from the
severe shadowing effect.

bWirEIeSs
Aerial BS = — 23khay,
-
Qo
<«—>/Backbone |
"'\network 4
N

Dual-band
airborne access
network

FIGURE 1. System model of the dual-band airborne access network.

Let f; and f denote the operating frequencies in the low
and high bands, respectively. A user is allocated with one
subchannel in either band. Suppose that the bandwidth of
one subchannel in the low and high-frequency band is B; and
By, respectively. Suppose that the ABS utilizes directional
antennas for the two bands that have wide beams and face
downward the ground, as shown in Fig. 1. Generally speak-
ing, users located in the area beneath the ABS have relatively
short distances to the ABS and hence small PL. Thus they
can communicate with the ABS in the high-frequency band
and adopt a large bandwidth to acquire a high throughput.
On the other hand, the users located far away from the ABS
use the low-frequency band to reduce the LSF and ensure the
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received signal power level, but the bandwidth and through-
put are relatively small. Meanwhile, when the line-of-sight
(LOS) propagation path of a UE is blocked, it may also
connect with the ABS in the UHF-band. The good penetration
and diffraction capabilities of the low-frequency radio signal
can help to avoid the deep fading due to shadowing.

In the DBAA scheme, the numbers of users served in
the low and high-frequency bands are denoted by N; and
Ny, respectively. Let pp represent the transmission power
allocated to the k-th user. Accordingly, Gi and GZ denote
the channel power gain (CPG) from the ABS to the k-th
user in the two bands. The CPG in one band is defined as
G = (GrxGrx) /PL where Gty and Ggy are the gains of the
TX and RX antennas, respectively.. Thus, the link capabilities
for the k-th user in the two bands are

Gl
Ri = Blog; <1 + pk—zk) ,
o

(D
Gh
R!' = Bjlog, <1 42 k) ,

o2

where py is the transmission power for the k-th user and o2
is the power of the additive white Gaussian noise (AWGN).
Thus the total network throughput can be calculated as

N; Np,
TH,por = Z R + Z RI. )
k=1 k=1

In the airborne access network, the total transmission
power (denoted by P™%) and the spectrum resources in the
two bands (denoted by W! and Wh) of the ABS are limited.
For the DBAA scheme, how to allocate the frequency band
(N; and Np), transmission power (Py), and subchannels (B,
and Bj) for all the users in the network, considering the
A2G large-scale channel fading characteristics, is a critical
issue. Since the resource allocation in the airborne access
networks is based on the channel fading characteristics in the
two bands, we first perform the field measurement at two
frequencies simultaneously to obtain the accurate channel
model and comparison between the LSF in the two bands. The
measurement campaign to characterize the A2G channels and
establish the channel model is presented in Sec. IV. Then
the joint spectrum-and-power resource allocation algorithm
is designed in Sec. V.

IV. DUAL-BAND A2G CHANNEL MEASUREMENT

AND MODELING

A. CHANNEL MEASUREMENT SYSTEM

The channel sounder for LSF measurement is shown in Fig. 2
and the architecture is illustrated in Fig. 3. To perform the
A2G channel measurement, we used a large airship with the
length of 35 meters and the maximal diameter of 11 meters.
The airship was filled with helium and the TX equipments
were loaded on the soleplate of the airship to emulate an
ABS, as shown in Fig. 2(a). The altitude of the airship was
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omnidirectional
antenna

(b)
FIGURE 2. Photos of the airship and the A2G channel sounder. (a) Airship
and transmitter. (b) Receiver.

controlled by a ground tractor. There were an optical fiber and
a power cable from the ground tractor to the TX for control
message transfer and power supply, respectively. The console
computer in the traction vehicle on the ground configured the
TX remotely via the fiber. The TX comprised one building
baseband unit (BBU) module, two radio remote unit (RRU)
modules, and two omnidirectional antennas for the sounding
frequencies of 785 and 2160 MHz. The frequency-sweeping
method was employed to sound the channels. The two radio
chains operated at the two central frequencies with the sweep-
ing bandwidth of 10 MHz and the step of 1 KHz in each
band. The antenna gains were both 5 dBi and the transmission
power was 40 W. Meanwhile, a GPS acquisition device was
installed on the airship to record the position, altitude, and
time of the airship.

The RX on the ground emulated a UE and was composed
of a wideband omnidirectional antenna, a spectrum analyzer
(SA), a GPS acquisition device, and a computer. The RX
antenna was connected to the SA to measured the RSSs.
The SA was connected to the computer through an Ethernet
to receive control commands from the computer and store
the RSS data in the hard disk. These devices were placed
in a van. And the RX antenna and the GPS antenna were
mounted on the roof, as shown in Fig. 2(b). The SA scanned
the two bands alternatively and recorded the RSSs at the
two central frequencies. It took 500 milliseconds to capture
and store the RSS at one frequency point. Thus the system
measured the RSSs once for every second and obtained one
sample of the signal power attenuation, i.e., the LSF including
PL and SE at one frequency point. When the van run along the
roads at a constant speed of 60 kilometers per hour, the SA
collected the data continuously. Meanwhile the GPS device
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FIGURE 3. Block diagram of the channel sounder. (a) Transmitter.
(b) Receiver (on van).

connected to the computer kept recording the geolocation and
time of the vehicle together with the captured RSS values.

B. CHANNEL MEASUREMENT SCENARIO

We measured the LSF of the A2G channels when the RX
vehicle traveled in rural, suburban, and urban environments.
The measurement setting is illustrated in Fig. 4. The airship
hovered at the altitudes of hgg = 50, 250, 450, 715, and
950 meters above the ground. At each altitude, the RX vehicle
moved away from the takeoff position of the airship. It first
run to the north and traveled until the sounding signal could
not be received (the RSS was close to the noise floor). Then
it run back to the original takeoff position. The system kept
recording the signal RSSs at the two frequencies in the round
trip. Then the vehicle run to the south and repeated the mea-
surement process in the round trip. It was found that the signal
at the 2160 MHz could not be received at the distance about
10 kilometers, while the 785 MHz signal could be received
until about 50 to 70 kilometers distance (depending on the
airship altitude) in both directions.

From the departure point to the south, the overall landscape
was a hilly area. In this rural scenario, there were only trees
and vast farms by the roadsides, but the sounding signal
from the ABS may be blocked by the hills consistently when
the vehicle moved along some segments of the road. To the
north direction, the RX vehicle run through a small city. The
environments along the road included the suburban scenario
with sparse buildings by the roadside and the urban scenario
with dense buildings. The overall terrain was relatively flat,
and the signal may be obstructed by the roadside buildings
especially in the downtown area. Thus, the large-scale chan-
nel fading was measured in various typical environments in
this measurement campaign.
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FIGURE 4. A2G channel measurement scenario using an airship and a
mobile vehicle on the ground.
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FIGURE 5. LFS measurement results when the airship was at 250 and
715 meters and the RX vehicle moved toward north. (a) ABS altitude =
250 meters. (b) ABS altitude = 715 meters.

C. LARGE-SCALE FADING MEASUREMENT

RESULTS AND MODELS

Since we mainly evaluate the network coverage of an ABS in
this work, we focus on the LSF of the A2G channel. The LSF
in dB is calculated by

LSF = Prx + Grx + Grx — Prx, 3)

where Pty = 40 W = 46 dBm is the transmission power,
Grx = Ggx = 5 dBi are the gains of the TX and RX
antennas, and Pgry is the received signal power captured
by the SA. As illustrative examples, Fig. 5 shows the LSF
measurement results when the airship hovered at the altitudes
of 250 and 715 meters and the RX vehicle traveled to the north
for nearly 70 kilometers (i.e., horizontal separation distance
between the RX and ABS). The observations are as follows.
o The LSF becomes larger as the separation distance
increases. At both frequencies, the LSF increases from
about 110 dB to 170 dB. Note that when the LSF was

around 170 dB, the received signal was too weak to be
detected by the SA and was overwhelmed in the noise.
Therefore the upper bound of the LSF observed in the
measurement was 170 dB. As shown in Fig. 5, the signal
at 785 MHz could be detected until about 70 kilometers,
while the 2160 MHz signal was covered by noise over
about 20 kilometers due to the much larger LSF.

o The LSF at 2160 MHz was typically about 20 dB larger
than that at 785 MHz over the first 20 kilometers. This
is because, when the RX vehicle moved along the roads,
the signal from the airship may be blocked by the hills or
roadside buildings, resulting in the shadow fading. The
UHF-band has a much better diffraction capability than
the S-band. Thus the signal strength attenuation caused
by shadowing was more severe in the S-band.

o The LSF was slightly larger when the airship was
250 meters high. The higher ABS altitude led to
longer propagation distances, but meanwhile the LOS
probability would be higher. Since the SE was reduced,
the LSF was even smaller when the ABS altitude was
higher. Therefore, the obstruction by the terrain and
ground objects plays a dominant roll in determining
the RSS.

D. PATH LOSS MODELING

The empirical models for the PL in the terrestrial chan-
nels, such as the Okumora, Lee, and Hata models, have
been studied and used widely [32]. They were developed
based on extensive measurement of RSS between cellular
BSs (e.g., 30 meters high) and mobile terminals (usually
1.5 to 3 meters high) in different frequency bands and
network scenarios. These models have also been adopted
in the channel modeling standards such as the 3GPP [33],
WINNER [34], and COST [35].

In this work, we design the PL. model for the A2G chan-
nel based on the COST-2100 specification which extends
the Hata model. According to the airborn access network
scenario and our measurement results, we further introduce
extension to consider the ABS altitude, carrier frequency,
and horizontal distance. The overall model for the PL in dB
is given in (4), as shown at the bottom of this page, where
féosr is from the COST-2100 model but the parameters are
changed for the A2G channel based on our measurement
results. Acr (hgs) is the new correction factor we introduce
in the model to reflect the effect by the ABS altitude.

The function f/ ¢, in (4) is [35]

feosr = a1 + axlogyy (fe) + azlogyq (hps) — T (hyk)
+ [a4 + aslogyg (hps)]logig (dap) . (5)

P — {féogr (d2p = dpk) + Acr (hgs) ,

feost (d2p) + Acr (hps) ,
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0<dp <dpk, 0 < hps < hcr
dpk < dop < dcr, 0 < hps < hcr.

“)
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TABLE 1. Coefficients of the PL models.

PL models ai a2 as a4 as b dBK (km) dCF (km) hCF (m)
Territorial Hata model 69.55 26.16 13.82 449 6.55 - - - -
channel COST-2100 46.3 339 13.82 449 6.55 - - - -
A2G our model (UHF)  46.39  26.16 15 44 0.8 0.84 2 60 1000
channel our model (S) 20.18 33.9 13.6 53.78 1.16 1.16 2 20 1000

where f. is the carrier frequency in the unit of MHz, hgg
and hyg are the heights of BS and UE in the unit of meters,
respectively, and dpp is the horizontal separation distance in
the unit of kilometers. In (4) the mobile station antenna height
adjustment factor is

T (hye)=[1.11og,q (f.) —0.7] hyg —1.56 log, (f) + 0.8.
(6)

Finally the new correction factor in (4) is

Acr (hgs) = b(f.) logly (hps) - ©)

The extensions to the terrestrial cellular channel model
for the airborne access network in (4) include the following
aspects.

o The ABS altitude is critical in the A2G channels. Based
on our measurement results for different ABS altitudes,
we propose to add the correction factor, Acr (hps)
in (7), to reflect the effect of the ABS altitude. Mean-
while the coefficient b(f,) in Acr (hps) depends on the
carrier frequency.

o Our measurement results show that the PL remains con-
stant when the horizontal distance of the UE away from
the ABS is smaller than 2 kilometers at both sounding
frequencies. This is because when the UE moves in a
small range beneath the ABS, the 3-dimensional dis-
tance between the UE and ABS almost does not change,
resulting in a constant PL. Therefore the PL function is
segmented and the breaking point is at the horizontal
distance of dgx = 2 kilometers for both the low and
high-frequency bands.

e The coefficients of the COST model, a; to as in (5),
are adjusted for the airborne access networks based
on our measurement results. The model parameters
(a1 to as and D(f,)) are selected by fitting the PL
measurement results using the minimum mean square
error (MMSE) method, and the best-fit coefficients are
obtained by multi-dimensional searching. The results
are listed in Table 1, where the parameter values in our
proposed A2G models are compared with the traditional
Hata (urban scenario) and COST-2100 models.

o The model in (4) is applicable for both the sounding
frequencies in the UHF and S-bands. The formula are
identical but the coefficients are adjusted according to
the carrier frequency. Thus the model is unified and easy
to use in system perform analysis and simulations.

o The measurement results show that the 785 and
2160 MHz signals could not be received outside about
60 and 20 kilometers ranges, respectively. Therefore the
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applicable distance range of the proposed model varies
depending on the carrier frequency as listed in Table 1.
The frequency-dependent cutting-off distance for the
model, dcr, is added in (4).

o Since our A2G channel measurement was performed
when the airship was at the altitudes from 50 to
950 meters, the model and parameters given in this
section are applicable to the ABS altitude below
1000 meters. Therefore the cutting-off ABS altitude in
the model in (4) is hcrp &~ 1000 meters.

The measurement data and best-fit PL models for 785 and
2160 MHz are depicted in Figs. 6(a) and (b) for the ABS
altitudes of 450 and 950 meters, respectively. The Hata (urban
scenario), COST-2100, and A2G channel models in [23]
are also plotted for comparison. We can see that the pro-
posed model fits the measurement results better than the
others at both frequencies. When the height of the airship
is larger and the communication distance is farther, the dis-
crepancy between the measurement results and the other
models increases and the accuracy of the proposed model is
more obvious. Because the model is established based on the
measurement data in various environments, it is general and
can be used in the design of airborne access networks. The
models will be utilized in the network resource allocation
scheme and the optimization algorithm design in the next
section.

E. SHADOWING EFFECT MODELING

The SE represents the large-scale signal strength fluctuations
resulted from obstructions on the LOS propagation path.
The deviation of the observed signal power attenuation
and the PL channel model at the measurement positions along
the routes, as shown in Fig. 6, are the SE. For the purpose of
illustration, the probability histograms of the SE samples for
the ABS altitudes of 450 and 950 meters at the two sounding
frequencies are plotted in Fig. 7. The Kolmogorov-Smirnov
(K-S) test is performed to testify the SE sample data for
various airship altitudes and sounding frequencies against the
normal distribution. The results confirm the hypothesis with
the significance level of 0.05 for all the cases. Therefore,
the SE in the A2G channel, denoted as SE;p, is modeled as a
log-normal random variable with zero mean and the standard
deviation (STD) of ogg. This is as expected because the SE
is due to the signal obstruction by buildings and trees. The
power attenuation can be calculated by multiplying all power
losses along the LOS propagation path, which is transformed
to addition of the losses in the logarithm domain. According
to the central limit theory, the SE should have a normal
distribution in the logarithm domain.
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FIGURE 6. PL measurement results and models when the airship was at
450 and 950 meters. (a) Airship altitude = 450 meters. (b) Airship
altitude = 950 meters.
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FIGURE 7. Histograms of the SE at different airship altitudes and
frequencies. The superimposed curves are the best-fit normal distribution
PDFs. (a) fc=785 MHz, airship altitude =450 meters. (b) fc=2160 MHz,
airship altitude=950 meters.

By fitting the empirical distributions of the SE samples
using the MMSE method, the STDs of the normal distribu-
tion for the all the cases are obtained and listed in Table 2.
It can be found that the STDs of the SE in the S-band are
mostly larger than those in the UHF-band. This is because
the diffraction in the low-frequency spectrum is better than in
the high-frequency spectrum. Thus the signal attenuation by
obstruction in the S-band is more severe and hence the signal
strength fluctuation is more significant due to shadowing.

The difference between the shadow fading in the A2G
channels and that in the traditional terrestrial cellular channel
is an important issue. The authors in [36] found that the STD
of the LSF could be 3 dB or lower over a wide range of
mobile velocities. The STD of the log-normal PDFs of SE in
our model in the UHF-band varies between 2.4 and 3.56 dB,
which is consistent with the simulation results in [36]. The
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TABLE 2. The STD of the Log-normal PDF for SE, og.

Altitude ~ Our model (UHF)  Our model (S)
50 m 2.4319 3.1812
250 m 2.7957 3.5416
450 m 3.5630 3.1877
715 m 3.0810 3.2047
950 m 2.9896 4.5835

STDs in the S-band are mostly larger than 3 dB. The authors
in [37] determined empirically that the SE in microcells was
normally distributed with the STDs ranging from 3 to 5 dB.
The STD of the SE in the UHF-band in our measurement
results is smaller than the values in [37]. This may be because
the A2G channels have a higher LOS probability than the
terrestrial channels. The STD in the S-band is in the range
from 3.18 to 4.58 dB, which is also reasonable as the SE
is more severe for a higher-frequency band. In summary,
the distribution of the SE in the A2G channels is the same
as that of the traditional terrestrial cellular channels, but the
expectation and STD are smaller.

V. JOINT SPECTRUM-AND-POWER ALLOCATION

FOR DBAA

A. PROBLEM FORMULATION

The DBAA scheme proposed in Sec. I1I provides an approach
to fully utilize the spectrum resources in different bands.
The critical issue is how to allocate the spectrum and power
resources to users in the airborne access networks. We design
the algorithm for the DBAA to jointly optimize the spectrum
assignment and power allocation for all users, based on the
A2G channel model obtained in Sec. IV.

We define X = {xlk € K} and P = {pilk € K} as
the spectrum assignment and the power allocation variables,
respectively. x; denotes the spectrum assignment indicator
that is one if a subchannel in the low-frequency spectrum is
assigned to user k and zero if a high-frequency subchannel
is assigned to user k. The joint optimization problem is
formulated as

R4 (1— Rh)
max Z(xkk+( X RY

kel
s.t.Cl: Zpk < ptot

kelC

C2: Zxk <N,
kel

C3:) (1—x) <Ny
kel

C4:x,€{0,1}, Vkek

C5:0<pr, Vkek. ®)

where the variables are defined in the system model in
Sec. III.

In the programming problem above, the objective is to
maximize the sum rate of all users, as given in (2). Besides,
the constraint C1 restricts the maximum transmission power
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FIGURE 8. Analysis of the optimal spectrum assignment policy for user k. (a) B,G‘( - B,,Gﬁ <0.
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of the ABS, which is imposed by the onboard power supply
or emission regulation. The constraints C2 and C3 indi-
cate that the number of users accommodated in the net-
work cannot exceed the limitation of the system. This is
because the spectrum allocated to the users in the low and
high-frequency bands cannot exceed the available spectrum
resource (i.e., N\B; < w! and NyBj, < Wh). The constraints
C4 and CS5 specify the ranges of the control variables X and P.

Since the formulated problem is a mixed integer program
which is usually NP-hard, we aim to design suboptimal
but cost-efficient algorithms. Specifically, a low-complexity
spectrum assignment algorithm is first devised under the
assumption that the power allocation scheme is given in
advance. Then, we adopt the Lagrange dual technique to
obtain the optimal transmission power for each user.

B. SPECTRUM ASSIGNMENT ALGORITHM
To determine the spectrum assignment policy for user k,
we first define f; (px) as

PkGl kah
Sk (k) = Bilogy (1+ k)—Bhlogz <1+ 02" . 9

o2
Taking the derivative of f; (px) yields
(BiG, — ByG}') — pGLG} (By, — By)
In(2) (14 peGy) (14 peGP)
In what follows, we discuss three cases for fk/ Pr)-
1) B/Gt—B,G? < 0.Inthiscase,f; (px) < Oandfi (p) is
strictly decreasing in [0, P*'], as depicted in Fig. 8(a).
Since fi (px) < fr (0) =0, Ré is always smaller than
Rz in [0, Pt"t]. As such, user k can achieve a higher
data rate in the high-frequency band.
2) B[Gf{ — Bth > 0 and f; (P*") > 0. In this case,
F i) > 0in [0, pp) and f/ (p) < O'in (pf, P'*'],
(B/GL—B,G}) S 1ot
rerc TG In addition, if f (P'') > 0,
the variation trend of f; (px) with respect to py is shown
in Fig. 8(b). Therefore, user k can achieve a higher data
rate in the low-frequency band.
3) BiG, — ByG} > 0 and fi (P°') < 0. In this case,
f i) > 0in [0, pp) and f/ (p) < Oin (pf, P**'].

i) =

(10)

where p} =
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If f; (Pmt) < 0, the variation trend of fi (px) with
respect to py is shown in Fig. 8(c). If py is not given,
it cannot be determined which mode is better. For
this case, we adopt a suboptimal spectrum assignment
method. Specifically, we assume py = %. Thus if

Jr (%) < 0, a subchannel in the high-frequency band

is allocated to user k, and otherwise a subchannel in the
low-frequency band is allocated to user k.

Base on the above analysis, we propose the spec-
trum assignment algorithm as given in Algorithm 1. First,
we divide all users K into three sets, Ky, Ky, and Ks,
according to the above three cases. For the users in K
and K, we can directly determine the spectrum band (low-
frequency or high-frequency) for each user in which the user
will achieve a higher data rate regardless of the transmission
power. Thus the subchannels for these users can be readily
allocated. For the users in K3, it is hard to determine the
band which they should be assigned in before the trans-
mission power is given. For this case, we propose adopting
the channel-condition-first method. Specifically speaking,
we first sort the users in K3 in the descending order of their
CPGs and then assign subchannels for them sequentially. This
is because assigning a subchannel to the user with a larger
CPG is more helpful for improving the sum data rate. These
operations are repeated until the spectrum of one band is fully
filled. Then the remainder users can only access in the other
band.

C. POWER ALLOCATION ALGORITHM

For the power allocation in the DBAA scheme, the initial
problem is transformed into the following power allocation
problem of

max
P

> (kL + (1= x0R})
kel

s.t. Cl: Zpk < ptot
kekC

C2:0<py <P VkeK
1 ifk ek

C=10 itkek,”

(11
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Algorithm 1 Spectrum Assignment Algorithm for DBAA
1: Initialization: Let ; < ¢ and K}, < @;
2: Divide K into three sets 1, K2, and K3, wherein
Ki = {k|B,G} — ByG! < 0};
Ky = {k|BiG}, — ByG! > 0 & fi (P"") = 0} ;
K3 = {k|B,G, — ByG} > 0 & fi (P'*) < 0} ;

3. if |[KC1| = Nj, or |[K,| > N; then

4: if |KC{| = Nj, then

5: Choose Nj, users from £y who have larger CPG than
the others and denote them as Q;

6: Let Kp < Qand K; <« K\ Q;
7:  else
8: Choose N; users from K who have larger CPG than

the others and denote them as Q;
9: Let K; < Qand K, &« K\ Q;
10:  end if
11: else
122 Let K < K and K; < Ky,
13:  Sort all users in 3 in the descending order for their

CPG;
14:  for each user k in the ordered list of X3 do
is: if fi (2) < 0 then
16: Let Ky < K U {k};
17: if |/C;| == Nj, then
18: Let K; <= K\ Kp;
19: Break;
20: end if
21: else
22: Let ; < K; U {k};
23: if |/C;| == N; then
24: Let K, < K\ Kp;
25: Break;
26: end if
27: end if
28:  end for
29: end if

30: Output: The spectrum assignment results }C; and KCp,.

The power allocation problem in (11) is convex and we adopt
the Lagrange dual technique to solve the problem. The partial
Lagrangian of the primal problem in (11) is given by

LP,)) = Z (ka§< +1 —xk)RZ) + A (P‘O‘ — Zpk>,

kel ke
(12)

where XA is a dual variable corresponding to the constraint
C1 in (11). According to the dual theory, we can solve the
following dual problem to obtain the optimal power alloca-
tion policy, which is

min max L (P, A)
L P
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st. Cl:0<py <P, VkeK

1 ifk ek

. 13
0 ifkelky (13)

C2:xk={

For the given dual variable A, by exploiting the standard
optimization techniques and the KKT conditions, we can get
the optimal power allocation policy as

+
. B _ o2 - By, _ o2
P e~ 6l A P Y all’

(14)

where the operator [-]T is defined as [x]* = max {0, x}.

To obtain the optimal dual variable, we employ the subgra-
dient method to solve the outer minimization problem in (13)
(also called master dual problem). Specifically, the expres-
sion of X in the (¢ 4 1)-th iterations is given by

+
A(t+1)=|:k(t)—A(t) (PtOt—sz):| . (15)

kel
where A (¢) denotes the step size which can be set as 0, 6/1,
or 8/+/t, and 0 is a constant. The detailed power allocation
algorithm is given in Algorithm 2.

Algorithm 2 Power Allocation Algorithm for DBAA
1: Initialization:
o Setr =0;
« Set the initial dual variable A (0);
o Set the maximum error tolerance §;
2: while 1 do
3:  Obtain the transmission power { pz} according to (14);

4:  Update the dual variables A (¢ + 1) according to (15);
50 t=t+1;

6 if|[A(t+1)—A(@)]| <6 then

7 break;

8: endif

9: end while
10: Output: The power allocation results {pj }.

VI. SIMULATION RESULTS

In this section, we present the simulation results to evaluate
the performance of the proposed DBAA scheme and the
network resource allocation algorithms. The network setting
and simulation parameters are listed in Table 3. The proposed
joint spectrum-and-power allocation algorithm is referred to
as the Joint Allocation. To demonstrate its efficiency, we com-
pare it with three benchmark algorithms, namely Random
Allocation, Power-only Allocation, and Spectrum-only Allo-
cation. In the Random Allocation, the spectrum is randomly
assigned to the network users with equal transmission power
(ie,px = % for all k € K). The Power-only Allocation uti-
lizes our designed Algorithm 2 with random spectrum assign-
ment policy. On the contrary, the Spectrum-only Allocation
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TABLE 3. Simulation parameters.

Cell radius 5 ~ 29 kilometers
Altitude of ABS 100 ~ 1100 meters
Path loss model, PL given in (4)
Noise Power, o2 —100 dBm
Total transmission Power, Pt 40 Watt
Transmitter antenna gain, Grx 5 dBi
Receiver antenna gain, Grx 5 dBi

Low frequency, f; 785 MHz
high frequency, fj 2160 MHz
Subchannel number in low band, N; 350
Subchannel number in high hand, N}, 350
Subchannel bandwidth in low band, B 180 KHz
Subchannel bandwidth in high band, By, 900 KHz

adopts the designed Algorithm 1 with mean power allocation.
Meanwhile, the proposed DBAA is also compared with other
two access schemes in the literature, the UAV-BS [25] and
the Macrocell-BS [38] where the access points are UAVs
and macrocell terrestrial BSs, respectively. The UAV-BS and
the Macrocell-BS are both single-band access schemes. The
BS height in the Macrocell-BS scheme is relatively low
with respect to the communication distances such that the
BS height is approximated to zero in the simulations [38].
Considering the BS heights in the Macrocell-BS and the
DBAA, the terrestrial and the A2G LSF channel models are
adopted, respectively.. The PL exponent was set as 3 in [38]
for the Macrocell-BS scheme. In the UAV-BS, since the
energy supply is the bottleneck, the transmission power was
only 17 dBm in [25] .

Fig. 9 shows the total data rate of all users (i.e., the network
throughput) versus the number of users and the comparison
with the single-band schemes (i.e., High-Spectrum Alloca-
tion and Low-Spectrum Allocation). We can observe that
the total data rate increases sub-linearly with the number of
users. This is because, with the increment of users, a higher
multi-user diversity can be exploited. However, constrained
by the total transmission power P, the power allocated to
each user decreases with the number of users, which results
in the decrement in the data rate of each individual user.
Besides, comparing with the Random Allocation, we can find
that the total data rate is increased by 55% through the Joint
Allocation (optimizing the power allocation and the spec-
trum assignment simultaneously). Furthermore, the simula-
tion results indicate that the performance gain provided by the
spectrum assignment (about 36%) is more significant than the
power allocation (about 19%). We can also see in Fig. 9 that
the performance of the DBAA is much better than those of
the Macrocell-BS and the UAV-BS due to the optimized allo-
cation of dual-band spectrum. Therefore, these results verify
the efficiency of the proposed DBAA scheme. To enhance
the whole network performance, it is essential to optimize the
resource allocation for all served users, especially the spec-
trum assignment. The dual-band aerial access with optimized
resource allocation can achieve a significant performance
gain in comparison with the single-band systems.
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FIGURE 9. Total data rate versus the number of users. (The cell radius is
10 kilometers; the altitude of the ABS is 500 meters; the maximum
coverage radius of the high frequency is 18 kilometers.).
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FIGURE 10. Total data rate versus the cell radius. (The altitude of the ABS
is 500 meters; the number of users is 700; the maximum coverage radius
of the high frequency is 18 kilometers.).

Fig. 10 depicts the total data rate versus the cell radius.
This figure illustrates that the horizontal distance has a great
impact on the achievable total data rate. The channel mea-
surement results show that the PL increased very fast with the
increase of the horizontal distance in [0, 20] kilometers, but
the PL increases quite slowly when the horizontal distance
is larger than 20 kilometers, as given in Sec. IV-C. This
tendency is consistent with the tendency of the total data
rate versus the cell radius in Fig. 10. Meanwhile, we can
find that the proposed DBAA scheme greatly outperforms the
Macrocell-BS and the UAV-BS schemes with all the cell radii.
In particular, when the cell radius is less than 10 kilometers,
the PL in both the low and high-frequency bands is relatively
small, and the DBAA can make full use of the spectrum
resources to significantly improve the network throughput.
It is also noticed that the performance of the Spectrum-only
Allocation is better than that of the Power-only Allocation
when the cell radius is small, but the tendency is reversed
when the cell radius is large. This is because, with a small
cell size, the PL of the users is similar and the received
signal power is mostly sufficient. Thus making full use of the
spectrum resource is more important. But with a large cell
size, the Spectrum-only Allocation will waste the ABS trans-
mission power because of the transmissions to the users in
deep fading. The results also indicate that the joint allocation
of power and spectrum resources is critical.
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10 kilometers; the number of users is 700; the maximum coverage radius
of the high frequency is 18 kilometers.).
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Fig. 11 shows the total data rate versus the altitude of the
ABS. The total data rates of the Macrocell-BS is unchanged,
because the BS height is approximated to zero. The network
throughput of the DBAA increases with the ABS altitude.
This is due to the reduction of the SE and the increase of
the LOS probability. However, when the ABS altitude is high
enough, the three-dimensional distance is much larger than
the horizontal distance and becomes dominant, the total data
rate will decrease due to the large PL. Furthermore, we can
find in Fig. 11 that the DBAA scheme can achieve larger
performance gains when the ABS altitude is higher, which
is mainly because of the optimal spectrum assignment.

Fig. 12 demonstrates the network throughput versus the
total transmission power on the ABS. This figure shows that
when the available power is very low, optimizing the power
allocation is more helpful to improve the network throughput.
This is because the limited power supply needs to be fully
utilized. However, with the increment of the power supply,
each user can be allocated with relatively large transmission
power which is no longer the dominant factor. In this case the
subchannel assignment becomes more significant in increas-
ing the total data rate. Therefore, the results show that we
can select the resource allocation priority according to the
onboard power supply on the ABS.
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According to the simulation results, the proposed DBAA
scheme with the optimal joint resource allocation can
improve the airborne access network throughput signifi-
cantly. In particular, the dual-band spectrum assignment leads
to the majority performance improvement when the power
supply is sufficient onboard, and the appropriate power allo-
cation can further enhance the network performance. But
when the power supply is limited, the power allocation
according to the channel conditions is more beneficial for the
coverage of ABS.

VIi. CONCLUSION

In this work we have tackled the challenging issue of provid-
ing wide area coverage with high network throughput using
ABSs. We propose the DBAA scheme that combines the
advantages of small PL in the low-frequency band and large
bandwidth in the high-frequency band. We first conducted
a field measurement campaign on the A2G channel using
an airship at the altitudes from 50 to 950 meters with a
multi-band channel sounder. The LSF including PL and SE
was measured at 785 and 2160 MHz simultaneously, and
the channel models have been established. The dual-band
channel measurement results provide a new insight into the
A2G propagation characteristics in the airborne access sce-
nario and the basis for the cross-layer design of the DBAA
scheme. According to the features of the airborne access
networks, we further design the joint spectrum-and-power
allocation algorithm based on the optimization technique
to maximize the network throughput. The numerical results
demonstrate that the DBAA is an efficient approach to sig-
nificantly improve the network performance. In the future
works, we will study planning multiple ABSs to establish
the airborne cellular network for wide area coverage. The
cell range, inter-cell interference, and network capability can
be analyzed based on the proposed A2G channel model. In
this work, we use orthogonal resource allocation as a starting
point. It is possible to apply non-orthogonal resource alloca-
tion to further enhance the system capacity.
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