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Abstract: A typical application scenario of remote wireless sensor networks (WSNs)
is identified as an emergency scenario. One of the greatest design challenges for
communications in emergency scenarios is energy-efficient transmission, due to scarce
electrical energy in large-scale natural and man-made disasters.  Integrated high
altitude platform (HAP)/satellite networks are expected to optimally meet emergency
communication requirements. In this paper, a novel integrated HAP/satellite (IHS)
architecture is proposed, and three segments of the architecture are investigated in detail.
The concept of link-state advertisement (LSA) is designed in a slow flat Rician fading
channel. The LSA is received and processed by the terminal to estimate the link state
information, which can significantly reduce the energy consumption at the terminal end.
Furthermore, the transmission power requirements of the HAPs and terminals are derived
using the gradient descent and differential equation methods. The energy consumption is
modeled at both the source and system level. An innovative and adaptive algorithm is given
for the energy-efficient path selection. The simulation results validate the effectiveness
of the proposed adaptive algorithm. It is shown that the proposed adaptive algorithm
can significantly improve energy efficiency when combined with the LSA and the energy

consumption estimation.
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1. Introduction

Emergency scenarios can benefit from the deployment of a remote wireless sensor network (WSN)
in the target area for a two-fold task: (1) gathering important information from the field; and
(2) supporting audio, video and data communication when other terrestrial systems are not available.
Additionally, sensor devices are frequently complemented by additional multimedia traffic sources
(i.e., laptop computers, cameras and smart phones) [1].

Emergency communications can provide information transfer services for rescuers and victims
in disasters using various sensor devices through a remote WSN [2]. The capability to exchange
information (e.g., video, voice and data) is essential to improve the coordination of rescuers during
an emergency crisis and the response efforts.

Due to extreme conditions, high altitude platforms (HAPs) [3] and satellites [4] are vastly underused
and can be utilized for various uses to construct a remote WSN. Integrated HAP/satellite (IHS) networks
are expected to optimally meet the emergency communication requirements of emergency relief and
recovery operations for tackling large-scale natural and man-made disasters [5]. IHS networks have
a number of potential advantages over conventional technologies [6], including:

High capacity regional coverage;

Rapid deployment;

e Low power consumption;

Potentially low cost.

The IHS network infrastructure can indeed provide services for a wide range of distributed sensor
devices with adapted and scalable access network capacity and coverage, owing to the low delay and
high capacity HAP links [7], while reliable backhauling links to remote networks are supplied by the

satellite segment [8].

2. Motivation and Related Works

Various platforms can be used for the HAPs depending on the telecommunication mission timescales.
A stratosphere airship will be the likely choice for missions with timescales of months or years, while
for missions over several days or weeks, an unmanned aerial vehicle (UAV) may be more suitable or
a manned plane for a mission with a timescale of hours. For example, the high altitude airship (HAA) of
Lockheed Martin, which is a kind of stratosphere airship, has a planned mission time of one month [9].
Solar energy is considerably appealing to provide communication services over a timescale of months or
years, particularly if it is assumed that, for either buoyancy or aerodynamic lift in the thin atmosphere,
the HAP will contain large surfaces suitable for collection [10]. At the Equator, the solar power flux

can reach up to 1300 W/m?, which is quite adequate for an HAP energy source, even if solar cell
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efficiencies of 10%-15% are assumed. However, the problem remains that energy has to be stored for
overnight use. At higher latitudes or during winter months, the available power for overnight use will
not be sufficient. Adding batteries, such as lithium-ion at about 110 W-h/kg, will result in a very large,
weighty and expensive HAP [11]. Battery power is generally considered for emergency communications
for small-sized UAVs with timescales of days or weeks. Therefore, the HAP is not only a power-limited
system, but it is also in some cases an energy-limited system, in contrast with the satellite platform. Since
the HAPs are battery-powered units, energy-efficient transmission over the IHS network is important,
which also includes the battery-operated remote sensor devices. Since there is a clear requirement to
operate under energy-constrained situations, the power should be used more efficiently through careful
network optimization and energy-efficient transmission schemes.

In recent years, emergency communication networks and energy-efficient transmissions have
undergone extensive studies within WSNs. We briefly sum the related works up into three topics: the
emergency network architectures, energy-efficient transmissions and integrated HAP/satellite networks,
which are discussed further in the following subsections.

2.1. Emergency Network Architectures

Emergency network architecture deployment has been previously studied for the provision of wireless
communications and related services. Casoni et al. [12] have proposed an emergency network
architecture, which is based on the integration of satellite and Long-term Evolution (LTE) networks for
both infrastructure-based and infrastructure-less scenarios. The LTE services were brought to the disaster
area using deployable mobile units and through a satellite backhaul. The architecture can provide easy
connectivity in both indoor and outdoor scenarios in disasters, extended coverage and high performance
guarantees, without requiring extensive configuration. Deaton [13] considered that natural disasters and
terrorist acts had significant potential to disrupt ground emergency communication systems, including
first-responder, cellular, landline and emergency answering services, such as 911. He concluded
that the HAP network architecture could be fitted with telecommunications equipment and used to
support these critical communications missions when a catastrophic event occurred. Asensio et al. [14]
presented a smart emergency signaling system architecture for tunnels and large infrastructures in smart
city scenarios, which significantly improves the actual functionality of the signal. Aranti et al. [15]
investigated how the HAP network architecture effectively supports multimedia broadcast/multicast
service (MBMS) in a scenario where the existing terrestrial network infrastructure is not available.
A radio resource management (RRM) technique was proposed for implementation in a multi-hop
scenario where mobile ad hoc networks (MANETS) cooperated with an HAP system towards a common
goal of enhancing the access to MBMS services. Lin et al. [16] described the design and implementation
of a proof-of-concept prototype, named the active disaster response system (ADRS), which automatically
performs emergency tasks when an earthquake happens. In [12-16], the authors provide a number of
different architectures for emergency networks. However, there are quite a few works in the literature

that emphasize the IHS architecture’s suitability for emergency communications.
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2.2. Energy-Efficient Transmissions

Elhawary et al. [17] proposed a cooperative communication protocol for energy-efficient
transmission, which considers a cluster of sensor devices cooperating together in WSNs.
Nasim ef al. [18] presented an energy-efficient transmission strategy for WSN deployments over
large geographical areas. The performance is enhanced by cooperative multiple-input multiple-output
(MIMO). However, [17,18] did not consider the role of the HAP. By considering a single HAP
architecture, Kandeepan et al. [19] discussed the design and evaluation of an adaptive cooperative
scheme intended to extend the survivability of the battery-operated aerial-terrestrial communication
links. He emphasized that the cooperation between mobile terrestrial terminals on the ground could
improve energy efficiency in the uplink. By considering a satellite architecture, Alagoz et al. [20]
presented and discussed networking from the perspective of energy efficiency. Satellite communications
can become drastically more energy efficient if the constituent systems can exploit their inherent
energy-efficiency-related advantages. However, [19,20] did not consider more practical multiple
HAP/satellite scenarios. Zhu et al. [21] and Madan et al. [22] developed optimal and approximately
optimal energy-efficient transmission strategies with the objective of either minimizing the outage
probability or maximizing the ergodic rate in a Rayleigh fading environment. However, in our work,
the channels of the HAPs to the terminals and the channels of the satellite to the terminals are Rician
fading rather than Rayleigh fading [23,24].

2.3. Integrated HAP/Satellite Networks

As mentioned at the end of Section 2.1, there are relatively few studies on the IHS architecture for
energy-efficient transmissions in emergency communications. However, there are articles about the
IHS networks for other related aspects in WSNs. In [4], the authors presented a review of the IHS
networks in WSNs and demonstrated the technological advantages of the IHS networks for a wide range
of monitoring, Earth observations and other sensing-based applications. However, the authors did not
highlight the energy-efficiency-related problems. The energy constraint is crucial for battery-powered
HAPs and remote sensor devices. In [25], the authors proposed schemes for an IHS-based network for
delivering emergency calls and multicast and broadcast services (MBS) in case of large-scale disasters
in mountainous areas. Appropriate standard options were chosen, and necessary adaptations were
recommended by considering the special requirement of delivering emergency communication services
from the HAP. Wang et al. [26] presented a heterogeneous network system comprised of a mission
layer, an HAP layer and a satellite layer. The energy consumption was minimized using a deterministic
annealing algorithm. Luglio et al. [27] presented an innovative call admission control (CAC) scheme
that uses transmission control protocol (TCP) statistics as one of its inputs and is able to manage different
classes of users for an IHS communication system in emergency situations. Pace et al. [28] show how
space technologies and new integrated telecommunication networks mitigate the impact of natural and
man-made disasters. Potentially attractive telecommunication architectures to better manage a disaster
scenario were discussed. Therefore, the existing studies have shown that IHS can offer a promising

communication architecture for emergency scenarios.
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Although the deployments and demonstrations of emergency communications have been extensively
investigated, many issues and research aspects regarding the possible integration of different
architectures and technologies still have open questions that require deeper investigation. Quite a few
works in the literature have addressed the issue of energy-efficient transmissions in the IHS architecture
for emergency scenarios. As it is crucially important for the theoretical research and application of
emergency communications, this paper will address the energy-efficient strategies and algorithms in an
IHS architecture for an emergency scenario. The simulation will further prove that the proposed IHS

architecture and transmission strategy are promising solutions for emergency communications.

2.4. Contributions

The main contributions that this work addresses, which have not been included in previous studies,

are as follows:

e An IHS architecture for emergency scenarios is proposed for the first time, which consists of three
segments. The architecture is explained in detail, and we conclude that the space segment, near
space segment and ground segment will work closely together to provide information transfer
services for remote sensor devices.

e The transmission power requirements of the terminal end and HAP end are investigated in a slow
flat Rician fading channel. The gradient descent and differential equation methods are used to
obtain the optimal transmitted power while maintaining a minimum bit error rate (BER) level.

e Using the concept of link-state advertisement (LSA), a novel energy-efficient transmission strategy
for the energy-efficient path selection is designed. The strategy can significantly reduce the
energy consumption, both of the terminal and HAP, which is demonstrated through in-depth

numerical simulations.

The remainder of this paper is organized as follows. Section 3 gives the system model, including three
segments and the channel modeling. Section 4 gives the mathematical formulation of the optimization
problem. The transmission power requirements are derived by the gradient descent and differential
equation methods. In Section 5, we design the energy-efficient transmission strategies, which use the
LSA concept. The energy consumption at the source and system level are modeled, and an adaptive
algorithm for the energy-efficient path selection is given. Section 6 shows numerical simulations and
results. Finally, Section 7 concludes the paper with a summary and a discussion of future research

directions. Table 1 lists some key notations used in the paper.



Sensors 2015, 15 22271

Table 1. Notations.

Notation Description Notation Description
C; The channel 7 n; The path loss exponents of the channel ¢
G, The receive antenna gain k; The Rician factor of send-receive (S-R) channel
Gy The transmit antenna gain d; The send-receive (S-R) distances
Ry The data rate o4 The mean channel power gain
Pe The bit error rate Ey The energy of per bit
VP The longitude [0 The latitude
P The transmission power A() The gradient operator
E The energy consumption (i The optimal transmission path of the ¢-th terminal
3. System Model

The system model of the IHS network for emergency communications is depicted in this section.
When a disaster occurs, an emergency communication system will be established, as shown in Figure 1,
which consists of three parts, i.e., space segment, near space segment and ground segment. The details
of the three segments are described in the following subsections.

Core network
in normal area
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Figure 1. System model of the integrated high altitude platform (HAP)/satellite (IHS)
network for emergency scenarios.
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3.1. Space Segment

The space segment consists of a satellite in geosynchronous (GEO) orbit. This satellite is a general
purpose satellite in another communication system, e.g., a commercial service and civil service satellite
system. It is temporarily rented for emergency communications rather than being a specified satellite,
which is researched, developed and launched for emergency communications [29]. Therefore, the
emergency system will be low cost. The functions of the space segment mainly include four aspects:

Data back to the core network, i.e., the Ka/Ku band or laser backhaul link [30];

Emergency links for the rescuers’ and victims’ terminals, i.e., the L/Sband links [20];

Relay links from the HAPs, i.e., the Ka/Ku band or laser relay links [8];

Broadcasting the LSA for the HAPs and terminals. The detail of the LSA is given in Section 4.1.

3.2. Near Space Segment

The near space segment consists of a number of HAPs. In general, the HAPs are urgently launched
across the disaster area. The number of launched HAPs usually depends on the communication
requirements. Therefore, the main cost of the emergency communication system is the cost of the HAPs
in our proposed system model. Due to its inexpensive reusable platform (circa millions of dollars)
compared to a costly satellite [31], a large coverage area and easily rapid deployment compared to the
ground base station, the HAP is cost-effective. The payloads of the HAP contain two parts:

o LTE/WiMAXcommunication payload for the user links [32];
e Communication payload supporting the Ka/Ku band or laser relay links to the satellite [8].

The most promising energy subsystems for battery-powered HAPs are the regenerative fuel cell (RFC)
and the electrical battery. In fact, most HAP programs worldwide are considering the use of the RFC
onboard HAPs for unlimited operation endurance. Battery power is particularly suited to small-sized
UAVs with timescales of days or weeks. Furthermore, as mentioned in Section 2, for HAPs with a solar
panel, any surplus of energy captured by solar cells during the day can be stored in electrical batteries or
in RFCs.

3.3. Ground Segment

The ground segment consists of two sub-segments:

e User sub-segment: the sensor devices and terminals of rescuers and victims in the remote
disaster area;

e Core network sub-segment: the service provider and national rescue institute in the normal area.

The remote sensor devices and terminals of rescuers and victims are multi-radio portable devices [33],
which support the LTE/WiMAX communicating with the HAPs and the DVB-RCS communicating with
the satellite. The core network sub-segment is responsible for routing and exchanging information with
the national rescue institute.
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As a consequence, an IHS network is then available for emergency scenarios. The devices and
terminals can select the relay HAPs or the GEO satellite, which is in view, to achieve an urgent
information transfer. At the same time, the service provider and national rescue institute in the normal
area can transmit rescue information, including voice, video and data, via the GEO satellite to the devices
and terminals. In the paper, we will mainly investigate the former information transfer due to the fact
that devices and terminals use more energy when transmitting a signal and less constant energy when

receiving a signal.

3.4. Channel Model

In the IHS network scenarios, there are three types of channels. These are terminal-to-satellite (T-S)
direct channels, terminal-to-HAP (T-H) relay channels and HAP-to-satellite (H-S) relay channels, which
are denoted as hq, ho and hg in Figure 1. Channel A, is Rician small-scale fading with serious free-space
loss, a long-delay and high elevation in mid- and low-latitude regions, due to the remote communication
distance between the terminal and satellite. Channel h, is Rician small-scale fading with mild free-space
loss, a low-delay and various elevation angles, due to the relatively close distance between the terminal
and the HAP. Compared to h,, obstruction by buildings and other tall objects is serious for hs, due to its
various elevation angles. Finally, channel A3 is almost an ideal channel with additive white Gaussian
noise (AWGN), due to the quasi-vacuum between the HAP and satellite. We assume no multipath
signals, resulting in a slow flat fading channel, where the fading of the channel can be considered to
be constant over the packet duration, but changing over time. Since the user is motionless or moving at
a walking speed in the disaster area, this is practical in our proposed model. The corresponding gains
of all three channels vary over time based on the spatial separation between the nodes. Then, the three
channels can be uniformly represented as:

Ci - f (niad% Kia hl) 72. - 17 273 (1)

where n; is the path-loss exponent, d; denotes the send-receive (S-R) distance, k; denotes the Rician
factor and h; is the small-scale slow flat fading gain. For channel h3, the Rician factor is ideally k3 = co.
The values of n; depend on the specified propagation environment. For example, in free space, the
value of n; is equal to two, and when obstructions are present, n; will have a lager value. By using d;,
the average path loss can be calculated as L,,(d;) = L¢(do)(di/dp)"™, where dy < d; is the reference
distance. L;(dy) = (4w fdy/c)? is the free-space path-loss with reference distance dy, where f is the
carrier frequency and ¢ = 3 x 10 m/s is the speed of light. Therefore, the overall characteristics of
channel ¢ are then a function of n;, d;, k; and h;.
Assuming the transmitted signal is s(¢), the received signal 7;(¢) can be given by:

1
ri(t) = ——==h;(t)s(t) + n(t (2)
(t) T (t)s(t) +n(t)
where n(t) denotes the corresponding AWGN with a double-sided power density of N, /2 at the receiving
end. As shown in Equation (2), we consider that there are the same power spectral densities for all of the

receivers in the three segments above for simplicity.
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The mean signal-to-noise ratio (SNR) of the received signal is given by vy = «F;,/N,, where
E, = P,G,G,./(RyL,(d;)BO,) denotes the energy per bit. G, G, and & = %fot h?(t)dt are the
transmitter antenna gain, receiver antenna gain and mean fading channel power gain, respectively. R,
(bit/s) denotes the data rate. BO, denotes the back-off of the output power. If differential phase-shift
keying (DPSK) modulation is used, the corresponding bit error rate (BER) for the T-S direct channel and
T-H relay channel is given in [34,35] by:

[T . (1+x) ( —KY )
pe—/o Pe(X)p(X)dX——2(1+K+Y) P\ T ey 3)

where X = B?E}, /N, denotes the temporal SNR at the receiving end, P.(X) = £ exp(—X) is the BER

for DPSK in the AWGN channel, p(X ) = % exp(— W)Ka (1/ W) is the Rician probability
density function (PDF) in terms of X, Ky(+) denotes the zero order modified Bessel function of the first

kind and 3 denotes the temporal gain of the fading channel.

4. Mathematical Formulation of the Optimization Problem

Unlike traditional strategies, which always sense wireless radio environments at the terminal end,
the energy-efficient transmission strategy proposed in this paper releases the link quality information
by broadcasting the LSA in the HAP and satellite ends without measurement at the terminal end. This
will potentially reduce the energy cost of the signal processing and improve the energy efficiency at the
terminal end, which is very effective for the slow flat fading channels. The mathematical formulation of

the optimization problem for the proposed model is given in the following sections.

4.1. Link-State Advertisement

LSA is produced in the space segment and the near space segment, i.e., the HAPs and the satellite.
During the periodic LSA broadcast, each of the HAPs and the satellite broadcasts its address, geographic
position (longitude 1; and latitude ¢);), transmission power P, ; and antenna gain G, ; to the users.
Although the terminal has no requirement to sense the wireless radio environment, the reception and
processing of the LSA still uses additional energy. Therefore, the size of the advertisement packets
should be kept to a bare minimum to ensure no unnecessary energy is consumed during the advertisement
receiving periods.

When the LSA of the j-th HAP or satellite is received by the i-th terminal, by combining this with
its own location (longitude 1; and latitude ¢;), the distance between the ¢-th terminal and j-th node is
given in [36] by:

dij = \/(li +R)*+ (I; + R)> = 2(l; + R)(l; + R) cos 6; (4)

where R denotes the Earth’s radius, /; and [; denote the altitude of i-th terminal and j-th nodes and
0, = arccos(cos(90 — d;) cos(90 — ;) +sin(90 — ;) sin(90 — ;) cos(P; —;)) are the azimuth angles.

When d; ; is obtained, for an S-R link, L,,(d; ;) will be calculated, and the temporal gain {3 of fading
can be estimated by computing the received power level of the reporting packet and using the knowledge

about the LSAs (e.g., transmission power P, ; and antenna gain G ;).
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4.2. Transmission Power Requirements for the T-S Link

In this subsection, we try to solve the transmission power requirements of the terminal for the
T-S direct link. We consider the BER expression in Equation (3). Obviously, an explicit expression
of the SNR cannot be obtained due to the fact that Equation (3) is a composite function of a polynomial
and exponential. However, the BER p; of the T-S link is a strictly decreasing function in the domain of
the transmission power P, ;. Therefore, for the BER to maintain a minimum level € of service quality,
P, ; of the terminal can be iteratively computed using the gradient descent method for some §; > 0 and
P. = €, shown as:

A

Ps,Ln—i—l - ps,l,n - glv( As,l,n) (5)

where V(Ps,m) is the gradient of the transmission power P 1, 153,1 is the desired minimum transmission
power of the terminal for the T-S direct link and n is the iteration number.
The gradient V(P, ; ,,) can be derived as follows:
If the transmission power of the terminal is P ;, the mean received SNR for the satellite can be
represented as:
vi = o By _ o1 P 1G5 Gy 6)
Ny Ry Ly, (dy) NoBO,

Substituting Equation (6) into Equation (3), the BER for the T-S direct transmission is given by:

_ _ (4x1) —K1Y1
Pe1 = 2(1+Kk1+v1) XP { o+

(7
_ —Kk1x1Ps 1Gs,1Gr1
=B eXp x1Ps 1G51Gr1
Rb,le(dl)NOBOo(1+K1+4Rb 1Lm(d)NyBOo )
_ 14+k7
where B = e

Then, the gradient of P, ,, can be obtained as:

» d _ePs,
V(Pyi) = Appiit)

—K1v1
= 4B ox —K1y1 | _ deXp<1+K1+v1>
dPs 1 P 14+k1+v1 dPs 1

o (1+«k1) x1Gs,1Gr 1 —K1Y1 —K1Y1 K1(14K1) x1Gs,1Gr 1
_2(1+K1+y1)2Rb,1Lm(d1)NoBOo exp 14+k1+v1 +B€Xp 1+Kk1+v1 (1+K1+‘Y1)2 Rp,1 Lim(d1)NoBOo
_ x1Gs,1Gr 1 B k1(14+k1)B ex —K1Y1

Ro1Lm(d1)NoBOs \ Ty (L tyn)? ) P\ Tran
x1Gs,1Gr1B(2Bk1+1) —K1Y1
exXp 1+Kk1+v1

" L1,m(d1)NoBOoRy 1 (14+Kk1+Y1)

)

Therefore, the gradient V(ZSM) can be represented as:

~ O(Gs lGr 1B(2BK1 -+ 1) —Ki1Y1
V(Ps1n) = — xexp | —————
T Ly 1 (d1)NoBOoRy 1 (1 + k1 +v1) 1+ «k1+v1

)

Therefore, the minimum transmission power of the terminal for the T-S direct link ]5371 can be
calculated by performing a sufficient number of iterations n in Equation (5).
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4.3. Transmission Power Requirements for Terminal-HAP-Satellite Path

For the terminal-to-HAP and the HAP-to-satellite (T-H-S) path, i.e., the indirect or relay link, if it
assumed that the decode-and-forward (DF) is used at the HAP end, then the overall BER of the relay

link can be given by:
Per = (1 - pe,2>pe,3 + (1 - pe,B)pe,Q (10)

where p. 2 denotes the BER of the T-H relay link and p. 3 denotes the BER of the H-S relay link. p. -
can be obtained by Equation (3). Due to the AWGN channel of A3, the BER of DPSK in the H-S link
can be obtained as:

1
Pe,3 = §eXP(—Y3) (11)

Since the BER values are small (circa 107%), the values of BER Pe2 and p, 3 will be much larger than
that of p. > X p. 3. The overall BER can be approximated as p., = P2 + P¢,3. Let P 5 and F; 3 denote
the transmission power of the terminal for the T-H relay link and the transmission power of the HAP for
the H-S relay link, respectively. With the BER maintaining minimum levels p. 3 = €3, pc2 = €2 and

€9 + €3 = €, the minimum total transmission power can be obtained by:

{Po2, Pus} = argmin {P,z + Py} (12)

where f’s,g and ps’g denote the optimal transmission powers of the T-H link and H-S link, respectively.

According to Equation (11), the transmission power F; 3 can be represented as:

_Rb3Lm3(d3)NOBOo
P35 = : : In(2(e — € 13
3= R (2 — ) (13)
where €, = %exp (1;:2212y2> is the BER of the corresponding T-H relay link, with

Yo = X9 Ps2G2Gro/(Ry 2L (da) NoBO,).

It can be found that F 3 is a function of the independent variable P ». If the total transmission power
is P. = P; 5 + P 3, the first order derivative of P, can be derived as follows:

With the overall BER of the T-H-S path maintained at a minimum level €5 + €3 = €, the mean
received SNR for the satellite can be represented as:

o3y . 063Ps,3Gs,3Gr,3
NO B Rb,?)Lm(dB)NOBOo
Substituting Equation (14) into Equation (11), the BER for the H-S relay transmission is given by:

(14)

Y3 =

5 (15)

Based on Equation (10), the BER for the H-S relay transmissionis p. 3 = € — €2, and the transmission

1 exp(—vs) 1 . o3P 3G 3G 3
e3 = —expl— = —€eX —
Pes = 5 XPLTY3 P Ry 3Ly, (ds) No BO,

power F; 3 has been given by Equation (13). The BER €5 is determined by the transmission power P 5
of the terminal for the T-H relay transmission, which can be written as:
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_ _ (4kg) —Ko2Yo
Pe2 = 2(1+k2+v2) exp 1+Ko+y2
%o Ps 0G5 2Gr 2 (16)
kg 225,27s277,2
1 Ry o Lm (dg) Ny BO
_ (I+k2) X exp < b,2Lm (d2)NgBOo )

- 2(1 kot o P 0G5 9Gr 2 1bkot xoPg oG g oGy o
2T Ry 2 Lm (d2)NgBOo 2T Ry 2 Lm(d2)NgBOo

Substituting Equation (16) into Equation (13), the first order derivative of P, = P, 5 + F; 3 can then
be solved as:

dP, dps,
P, =1+ sz,z

o —Rb73Lm’3(d3)N0BOO dln(2(€*€2))

=1+ a3Gs,3Gr 3 X dPs,2

B —Rpy 3L m,3(d3) NoBO, 9 —(1+k2)o2Gs,2Gr 2 —KaY2

=1+ o3Gs,3Gr3 2(e—e2) (2Rb,2Lm(dQ)NOBOo(1+K2+Y2)2 P Itkatyz (17)

+ (14k2) ox —Ko2Y2 —k2(14k2) x2Gs 2Gr 2 )
2(+ra+72) P\ Tho+ys (I+x2+y2)® " Rp2Lm(d2)NoBOo
— ] — _fbalma(ds) 02Gs2Gre (1tk2)((x2+1)%+y2) ex —K2v2
o3Gs,3Gr3(€—€2) Ry oLm(d2) 2(1+k2+y2)? P\ Tty

Therefore, we get the first order derivative of the total transmission power P, = F; o + P, 3, which

can be found by:
dPp, 1 Ry 3L 3(ds)  oaGs2Gra (14 Ka)((Ke + 1)2 +v2) < ox < —KoY2 ) (18)
dP; 3G 3G 3(€ — €2) Ry oL (da) 2(1 + Ky +v2)* 14Ky +v2

Since €5 is a convex function in the domain P 5, P 3 will also be a convex function in the domain P ».
Then, the summation of P, = P,y + P, 3 becomes convex. Therefore, when Equation (18) is equal to
zero, an optimal 153,2 will be calculated. By substituting ]5372 into Equations (3) and (13), a corresponding
BER €5 and the optimal f’&g can be obtained. Therefore, the optimal overall power P will be obtained
by adding ]5372 and ]5373 together.

5. Energy-Efficient Transmission Strategies

5.1. Energy Consumption

It is assumed that broadcast packets are used and that all of the Ny LSAs of the HAPs and the
one GEO satellite are received by the terminal in the network. Over a specified time period 7' € R*,
the energy consumption of the terminal for the T-S direct link can be calculated as the integral of the

transmission power over that period, which can be written as:

T
E;= / P;1(t)dt + ery .54 (19)
0

where er, 154 = Pry11sa represents the energy consumption to process the broadcast LSA of the
satellite and 77,54 is the total time taken for the LSA transmission in the time period 7. Pg, denotes
the necessary power to process the demodulation of the received radio-frequency (RF) signal, baseband
signal and coding and decoding.

For the T-H-S relay path, the energy consumption consists of the T-H link transmission energy at
the terminal end and the H-S link transmission energy at the HAP end, which can be respectively
represented as:

T
Er = / Pio(t)dt + (Ng + 1) ere,n.54 (20)
0
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T
Ey = / P, 3(t)dt + PryT + €7, 154 2D
0

where er; .4 = Pri;11sa is the energy consumption for broadcasting packets of the LSA and Pr,
denotes the transmission power of the LSA from the HAP to the terminal.

Assuming that the terminal can only select one relay HAP during one time slot At, the overall energy
consumption of the T-H-S relay path can be given by:

B = Er+ Ey = [ Poo(t)dt + [ Pyg(t)dt o)
+ (N +1) €re,pgs + PreAt + €10054

For the i-th terminal, the HAP should be selected that has the lowest energy consumption between

E,,; of the T-S link and E, ; of the T-H-S path. Therefore, the optimal transmission path v;”" in a single

time slot can be represented as:
U;-)pt' = {UZ' e Ez = min(Ed,i, ET,i)} ,i € NT (23)

If the number of terminals is N, then the energy consumption of Ny terminals and the energy
consumption of the overall network can be respectively represented as:

T/At Np

Erior. = Z Z Er;; (24)

j=1 i=1

T/At Ny

Bro.= > Y Epj (25)

j=1 i=1
5.2. Path Selection

In order to communicate in an energy-efficient manner with the core network, the terminal will
analyze its selection to transmit via the direct path by a T-S link to the satellite or a relay path through
Ny possible relay links in the HAP segment. Algorithm 1 shows the adaptive path algorithm for
energy-efficient transmissions designed for our proposed model based on the above analysis. The inputs
of the algorithm are the LSAs of the Ny HAPs and the satellite, the required BER € and the required data

rate %, while the outputs of the algorithm are the corresponding optimal transmission power PP (),

. . . jopt. . .
minimum energy consumption Eﬁf and optimal path v{"™". We can observe that, for each time slot,
the terminal sends the signal with the optimal power P°P*+*J(t) via an optimal path v;** and consumes

P joptA
minimum energy £, .
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Algorithm 1. Adaptive algorithm for energy-efficient path selection.

Inputs: LSAs, required BER €, required data rate R,

Outputs: Optimal transmission power P?*"(¢), minimum energy consumption Eﬁzpt optimal path v{""

1: if data(k) is required to send in the i-th terminal, i.e., information source 7;

Calculate d; ; based on the LSAs and Equation (4);

Calculate Psil(t) of the T-S link for a given BER € using Equation (5);

Calculate P77 (t) = PLJ(t)+ PLi(t) of the j-th T-H-S path for all possible HAPs (j = 1,2, -+ , Npr)
for a given BER € using Equations (18) and (13);

R

Obtain the energy consumption Fy ; and E,.; ; for each path using Equations (19) and (22);

if By ; < E,; then

Select the T-S direct path, i.e., transmission power T'x = Pj’l to satellite;

9:  Wait for data(k+1);

10: else

11:  Select the j°P%-th T-S relay path, i.e., i-th terminal transmission power Tz = ]5;% to HAP, j°P%-th HAP
transmission power T’z 4 P = Pslé to satellite;

12:  Wait for data(k+1);

13: end if

14: end if

5
6:  Select the relay path with minimal energy consumption Eﬁ;pt =min{FE,;;|lj =1,2,--- ,Ng};
7
8

6. Simulations and Results

In this section, we present several sets of simulation results to evaluate the effectiveness of
the proposed energy-efficient transmissions under a multiple-user, multiple-HAP and single-satellite
integrated network. We consider a realistic disaster scenario with a medium-sized city with a 60-km
diameter. A natural disaster, such as an earthquake, destroys the terrestrial communication network
and the electrical network distribution infrastructure. An IHS network is deployed for public safety
personnel and first responders in order to coordinate rescue and first-aid services for the survivors. These
simulations were carried out using the NS2 simulator. All of the simulations were run 100 times and the
average given.

6.1. Evaluation of a Single Terminal

Within the whole network, the devices and terminals work independently without cooperation under
frequency division multiple access (FDMA), since the HAPs and the satellite have sufficiently covered
the whole disaster area. Cooperation between the devices and terminals will lead to an undesirable
complicated electromagnetic environment with additional interference. In this scenario, evaluation of
an i-th terminal can be used to infer the energy efficiency of transmissions across all terminals, to
a certain extent. Since the simulation of one terminal can be performed relatively easily, we evaluate the

performance of the energy-efficient transmission strategies at a single terminal as a first step. We assume
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that four HAPs are deployed and that the i-th terminal is randomly located. Table 2 lists the elements of
the parameters used in simulations and their values.

The Rician factors of channels i, and h, are k; = 12 dB and ky = 7 dB. The thermal noise power
is equal to —207 dB. The back-off of the output power for the HAPs and satellite is [BO,] = 3 dB.
During the periodic LSA broadcast, each HAP and satellite broadcasts its address (32 bits), geographic
position (longitude 1 and latitude ¢, 64 bits), power P, (32 bits) and antenna gain G, (32 bits) to all
users. A total simulation time of 120 s is assumed in this subsection. The i-th terminal, i.e., 7T}, sends
772 Kbits of data every At = 500 ms; the packet size of the LSA is 160 bits, and the total time taken
for the LSA transmission 77,4 1s 100 ms. The transmitted power calculated by the direct and relay links

versus the simulation time before applying the energy-efficient path selection is shown in Figure 2.

Table 2. Parameters used in the simulations and their values.

Parameter Value
Alt.of GEO Sat. 35,786 km
Gain of Sat. G3 48.2 dB
Lon.p, and Lat. ¢, of GEO Sat. (143°31'E, 0’ N)
Lon. Vector {7 of HAP (118°08" E, 118°38" E, 118°41’ E, 118°23’ E)
Lat. Vector ¢ of HAP (39°50' N, 39°51’ N, 39°55’ N, 40°02' N)
Alt. of HAP 22 km
Lon. V. and Lat. ¢, of city (118°31" E, 39°56' N)
Alt. of city 200 m
Lon. {7 and Lat. ¢ of terminal (118°22 E, 39°41’ N)
Power required for terminal reception 150 mW
Power required for HAP reception 150 mW
Data rate Ry 1.544 Mbps
Carrier frequency of HAP <> Sat. link 48 GHz
Carrier frequency of T; <+ HAP, T; <+ Sat. links 3.4 GHz
Gain of HAP < Sat. antennas G o 42.3 dB
Gain of terminal antenna G; 23.7 dB
Gain of HAP — T; antennas G, > 29.1 dB
Vector of path loss exponents n (2.2,2.9,2)

Figure 2 shows the transmission power calculated by direct and relay links versus runtime, before
applying the energy-efficient path selection. In Figure 2, 7; — Sat. denotes that the terminal only
selects the T-S direct link. 7; — HAP, — Sat., T; — HAP, — Sat., T, — HAP; — Sat. and
T; — HAP, — Sat. denote that the terminal only selects the first HAP, the second HAP, the third HAP
and the fourth HAP as a relay, respectively. For the T-S direct link, the transmission power is P (),
and for the T-H-S path, the transmission power is P.(t) = P;(t) + Ps3(t). From Figure 2, we can
observe that P,(¢) is lower than P ;(¢) for most of the time slots within the runtime. Therefore, there is
an opportunity to reduce the overall transmission power through adaptive path selection. Furthermore,
we can also infer that the overall average transmission power of the optimized transmission path will be
lower than that of all five paths in Figure 2.
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Figure 2. Transmitted power calculated by the direct and relay links versus runtime, before
applying the energy-efficient path selection.

Figure 3 shows the energy consumption for the direct path, relay paths and adaptive path selection at
the source level. The energy consumption at the source level is defined as the overall energy consumption
at the terminal end. In Figure 3, the term adaptive algorithm denotes that the terminal selects the path
based on the proposed adaptive energy-efficient path selection algorithm. We can observe that the
energy consumption of the i-th terminal for the 7; — HAP, — Sat. path, T, — HAP, — Sat.
path, T, — HAP; — Sat. path, T;, — HAP, — Sat. path and adaptive algorithm path is
78.99%, 73.62%, 69.19%, 69.98% and 84.36% lower than that for the 7; — Sat. path. Therefore,
the relay path can significantly reduce the terminal energy consumption compared to the direct link, and
the terminal energy consumption of the path using the adaptive algorithm is the lowest. From Figure 3,
it can be further observed that the terminal energy consumption to process the broadcast LSAs is a little
increased (the upper red sub-bars in Figure 3), although the adaptive algorithm is employed. This is due
to the proposed LSA concept, which estimates the link state information by broadcasting LSAs in the
HAP end and satellite end rather than sensing it at the terminal end. The terminal only receives a tiny
quantity of the LSA packets, which can significantly reduce the energy consumption. This is especially
applicable for slow flat Rician fading channels.

Figure 4 depicts the total energy consumption for the direct link, relay links and adaptive path
selection at the system level, where the total energy consumption at the system level is the sum of the
energy consumption at both the terminals and the HAPs, and the energy consumption of the satellite
is not included. For the T-S direct path, the energy consumption at the system level is equal to
that at the source level. However, for the T-H-S relay path, the energy consumption at the system
level consists of the energy consumption by the terminals and the energy consumption by the HAPs.
From Figure 4, it can be observed that the energy consumption at the system level for the adaptive
algorithm path is 43.34%, 19.54%, 2.25%, 13.81% and 22.44% lower than that for the 7; — Sat.
path, T, — HAP, — Sat. path, T, — HAP, — Sat. path, T, — HAP; — Sat. path and
T, — HAP, — Sat. path, respectively. Therefore, this implies that the energy consumption of the
adaptive algorithm path is not only lower than that of the direct path, but also obviously superior to that
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of the other relay paths. As shown in Figure 4, we can further observe that the energy consumption
of the LSAs for the relay link (the upper red sub-bars in Figure 4) is higher than that for the direct
link. Comparing Figure 3 to Figure 4, it can be concluded that the additional energy consumption is
mainly due to the HAPs broadcasting LSAs. Although the energy consumption of the LSAs is higher,
the reduced energy consumption by the LSAs is much larger than that on their own. Therefore, the path

selection method proposed in this paper is energy efficient.

700 T

600 [

400 -

200 -

Energy Consumption at Source Level (J)

1000 = = =

Figure 3. Energy consumption for the direct path, relay paths and adaptive path selection at

the source level.
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Figure 4. Total energy consumption for the direct link, relay links and adaptive path selection
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6.2. Evaluation of the Multiple Terminals

In this subsection, we mainly investigate the performance of the proposed energy-efficient
transmission strategies versus the number of terminals and HAPs, i.e., a multiple-user, multiple-HAP
and single-satellite integrated network. Then, the energy consumption for the various Rician factors of
the T-H links, which are led by the distribution of the multiple terminals, is provided. The same settings
for the simulations are used as in the previous subsection, except where stated.

Figures 5 and 6 show the energy consumption for the direct path, relay paths and adaptive path
selection with the various number of terminals at the source and system level, respectively. The locations
of the added terminals obey a uniform distribution in the disaster area. The number of terminals used
is 1, 10, 100, 200, 500 and 1000. We can observe that the energy consumption of the energy-efficient
transmission strategy based on the proposed adaptive algorithm saves energy compared to the other five
transmission strategies, and the performance of the T-S link is the worst. This is due to the proposed
strategy tending to select the path with the lowest energy consumption during all of the transmission
slots. For the T-S link, there is only one channel with Rician fading, serious free-space loss, due to the
remote communication distance between the terminal and satellite. The energy consumption is obviously
high. We also observe that the performance of all four T-H-S relay links is adjacent, since the four HAPs
play a relatively equal role over the disaster area. As the number of terminals is increased, the energy
consumption of the proposed adaptive algorithm increases mildly at both the source and system level,
which implies that the proposed adaptive algorithm is energy-efficient especially for a multiple-user
scenario. Comparing Figure 5 to Figure 6, it can be concluded that the increase in energy consumption
at the terminals is less than the overall system energy consumption, which indicates that the proposed
adaptive algorithm is efficient for battery-operated remote sensor devices.

x 10°

—<— T — Sat.
> T HAP1 — Sat.

(=2
T

T HAP2 — Sat.

T-> HAP3 — Sat.

[$))
T
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T

wW
T

Energy Consumption at Source Level (J)
N

—_
T

1 10 100 200 500 1000
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Figure 5. Energy consumption for the direct path, relay paths and adaptive path selection
versus the number of terminals at the source level.
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Figure 6. Energy consumption for the direct path, relay paths and adaptive path selection
versus the number of terminals at the system level.

Since the elevation angles of different terminals for the T-H relay links are various and obstruction
by buildings and other tall objects of /s is serious, the Rician factors may change over the disaster area.
Figures 7 and 8 depict the energy consumption for the direct path, relay paths and adaptive path selection
versus the Rician factor of the T-H relay links at the source and system level, respectively. The values of
Rician factors for the T-H links are 0 dB, 3 dB, 6 dB, 9 dB, 12 dB and 15 dB, and the value of the Rician
factor for the T-S link is maintained at 12 dB. We can observe from Figure 7 that the energy consumption
of the proposed adaptive algorithm remains low even with a relatively poor channel, i.e., the value of the
Rician factor is small. This is due to the sensor devices receiving and processing the LSAs during the
transmission slots. An optimal transmission power P°P~%(t) via an optimal transmission path v{*" can
be selected based on Algorithm 1. When the channels are relatively poor, the probability of channels with
mild fading is small. However, as long as this channel exists, there will be an opportunity to save energy.
Therefore, it also indicates that the proposed adaptive algorithm is more energy efficient, particularly in
severe channel conditions. We can observe from Figure 8 that the overall energy consumption of the
relay transmission strategies is lower than that of the direct strategy, especially for the proposed adaptive
algorithm. As the value of the Rician factor is increased, all of the energy consumption of the relay
transmission strategies is reduced, but the energy consumption of the proposed adaptive algorithm is still
the lowest. This is due to the fact that when the channels are relatively good, the probability of channels
with mild fading is large. The transmission without path selection also exhibits a large probability to
experience mild fading, so the gaps of the energy consumption among the direct path, relay paths and
the adaptive path selection are reduced. However, there is still superiority of the adaptive path selection
since the optimal transmission power P~ (t) and an optimal transmission path v;”* are performed

during the whole transmission.
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Figure 7. Energy consumption for the direct path, relay paths and adaptive path selection
versus the Rician factor at the source level (N = 100, k; = 12 dB).
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Figure 8. Energy consumption for the direct path, relay paths and adaptive path selection
versus the Rician factor at the system level (N = 100, k; = 12 dB).

In the simulations above, the number of HAPs is maintained at four. A more practical IHS scenario

is that the number of HAPs is nondeterministic. Therefore, we also investigate the energy consumption
versus the number of HAPs. The number of HAPs used is 0, 1, 2, 4, 8 and 16. We assume that the
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locations of the added HAPs obey a uniform distribution in the disaster area. Figure 9 depicts the energy
consumption versus the number of HAPs with k; = 12 dB, ko = 7dB and Ny = 500 at the source
level. The energy consumption of the relay path is calculated as the average energy consumption of
all possible relays. We can observe from Figure 9 that the energy consumption of the relay path and
proposed adaptive algorithm decreases as the number of HAPs is increased. The adaptive algorithm is
more energy-efficient than the direct path and the relay path. When the value of Ny is small (e.g., zero or
one), the added HAPs can significantly reduce the energy consumption. However, when the value of Ny
is large (e.g., eight or 16), the added HAPs can also reduce the energy consumption, but indistinctively.
Therefore, permanently increasing the number of HAPs is not necessary. On the contrary, the small
number of HAPs will lead to a cost-effective system. Additionally, Table 3 summarizes the saving of
energy versus the number of HAPs with k; = 12 dB, k; = 7 dB and Ny = 500 at the system level. The
unit of the energy is Joules in Table 3.

T T
—<— Direct Path
a5k —+4— Relay Path u
—=— Adaptive Algorithm

Energy Consumption at Source Level (J)

6 8 10 12 14 16
Number of HAPs

Figure 9. Energy consumption for the direct path, relay paths and adaptive path selection
versus the number of HAPs at the source level (N = 500, k; = 12 dB, Kk, = 7 dB).

Table 3. The saving of energy versus the number of HAPs at the system level
(N = 500,k = 12dB, k; = 7 dB).

Nu

0 1 2 4 8 16
Strategies
Direct Path 0 0 0 0 0 0
Relay Path 0 1.12 x 10> 1.68 x 10° 198 x 10°  2.01 x 10>  2.02 x 10°

Adaptive Path 0 1.32 x 10° 227 x10° 2.82x10° 2.85x 10° 2.87 x 10°
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7. Conclusions

This paper has investigated energy-efficient transmission strategies in IHS networks for emergency
communications. Firstly, a system model has been established, which consists of a space segment,
a near space segment and a ground segment. Secondly, assuming that the channel exhibits a slow
flat Rician fading, the concept of LSA has been proposed. The optimal transmission powers ]5371,
f’&g and f’&g have been derived using the mathematical methods of gradient descent and differential
equations. In addition, energy consumption has been modeled, and each step of the adaptive
algorithm for the energy-efficient path selection has been described. Finally, the simulations have
further proven that the proposed algorithm can improve the quality of communication and reduce
the energy consumption. Most significantly, the simulation results show that, at the source level,
the energy consumption of the i-th terminal for the 7, — HAP, — Sat. path, T, — HAP, —
Sat. path, T, — HAP; — Sat. path, T, — HAP, — Sat. path and the adaptive
algorithm path is 78.99%, 73.62%, 69.19%, 69.98%, and 84.36% lower, respectively, than that
for the 7; — Sat. link. We also found that, at the system level, the energy consumption for
the adaptive algorithm path is 43.34%, 19.54%, 2.25%, 13.81% and 22.44% lower than that for the
T; — Sat. path, T, — HAP, — Sat.path, T, — HAP, — Sat.path, T, — HAP; — Sat. path
and the 7; — HAP, — Sat. path, respectively. Additionally, in a multiple-user, multiple-HAP and
single-satellite scenario, the simulation results also show that the proposed adaptive algorithm is energy
efficient with various numbers of terminals, numbers of HAPs and Rician factors. We conclude that the
proposed energy-efficient transmissions and adaptive path selection algorithm are promising solutions
for remote WSNs for emergency scenarios. In the paper, a deterministic method is used to formulate the
solution. However, a more reliable and interesting method is to estimate the parameters in the system
using Bayesian or Kalman filtering (KF) at the terminal. Therefore, further studies will extend the results

in a nondeterministic way.
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