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Abstract. In this paper we study the energy efficiency of hybrid high
altitude platform (HAP) and terrestrial communication systems in the
uplink. The applications of HAPs in the recent years have gained sig-
nificant interest especially for telecommunications. A cooperative relay
based communication strategy on the ground with a single source-relay
pair is considered for the hybrid HAP-terrestrial system. We show that
cooperation on ground between the terrestrial terminals could improve
the energy efficiency in the uplink depending on the temporal behavior
of the channels. Thus by having cognitive context aware capabilities in
the ground terminals one could exploit the spatial domain to improve
the energy efficiency. The energy efficiency can be further improved by
means of proper power allocation between the terrestrial source and relay
nodes. We consider the decode and forward based cooperative system for
our study with a constraint on the overall bit error probability to achieve
a predefined quality of service. Results show that considerable gain in
the energy can be attained by exploiting the spatial domain by means of
cooperation.

Keywords: Hybrid HAP terrestrial systems, high altitude platform, en-
ergy efficiency, cooperative communications.

1 Introduction

The rapid growth of bandwidth-hungry telecommunication applications has
pushed wireless infrastructure providers and network operators under continuous
pressure to exploit the limit of radio spectrum as efficiently as possible. Further,
the costs related to rolling out and operation of broadband wireless networks
in emerging and Greenfield environments have increased considerably. Notwith-
standing, new requirements for flexible network access have emerged within the
telecommunications community, spurred by the vision of optimal connectivity,
anywhere, anytime. In this context, high-altitude platforms (HAPs) are increas-
ingly being cited as having an important role to play in future systems and
applications capable of providing efficient broadband wireless access at lower
costs [12]. HAPs as new solutions for delivering wireless broadband, have re-
cently been proposed for the provision of fixed, mobile and broadcast services in
the stratosphere at an altitude of 17 km to 22 km [13],[14], [15], [16].
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The HAP systems have features of both terrestrial and satellite communica-
tions and thus shares the advantages of both the communication systems. The
International Telecommunication Union (ITU) suggests that footprints larger
than 100 km radius can be served from HAPs [18]. This would technically al-
low a single HAP station to effectively replace several terrestrial base stations
with a cost-effective and time-efficient deployment and ease of integration to
existing networks. The ever increasing cost of infrastructure deployment and
the intricacies in site acquisitions and renting have stepped up the complexity
in the deployment of next generation broadband wireless networks, particularly
in emerging markets. In these areas, HAP systems will be an effective solution
to provide the necessary network infrastructure at lower CAPEX and OPEX
costs for incumbent and new entrant network operators. Moreover, HAP systems
could also be exploited in applications of environment and disaster surveillance
to support long-period data transmission and mobile deployments apart from
such applications like remote sensing, radio monitoring, weather monitoring etc.
These additional applications, along with the savings in physical infrastructure
costs could even out the operational expenditures related to terrestrial network
deployments. In order to aid the eventual deployment of HAPs, the ITU has
allocated spectrum in the 3G band for HAPs, as well as in the mm-wave bands
for broadband services at around 48 GHz worldwide and 31/28 GHz for certain
Asian countries [I7].

The use of HAPs has been proposed in many communication applications [1§].
3G and 4G services are recently considered as principal application of HAPs
[1I7], which offer the possibility of being part of the current 3G networks and
services, and also as complementary access solution for 4G networks and its
mobile and multimedia services. Multimedia broadcast and multicast services
(MBMS) also can be provided by the HAP layer of 3G/4G in order to achieve
higher system capacity and lower costs. 3G base stations, integrated on the HAP
systems, with wide beamwidth antennas could provide service over large sparsely
populated areas. In addition to this, in urban areas, where a higher capacity
is needed, smaller cells can be deployed with integrated directional antennas
(antenna arrays). All this include exceptional benefits such as offering coverage
in a large area, direct propagation paths without obstacles and elimination of
the expensive resources spent in ground station installations, maintenance and
wire installations.

In the case of a HAP system planned to operate on a given coverage area inte-
grated with a base network already operating as part of the terrestrial network,
such hybrid HAP-terrestrial system can be partially or completely deployed as a
complementary network, for instance, depending on higher traffic requirements
or power/equipment related failures. The notion of HAP platform components
deployed as a substitution network will provide for improved balance between
the complexity and costs related to operating a large fleet of HAP platforms
and the ever increasing traffic requirements in future broadband communica-
tion networks. Such consideration will also ease the heavier payload demands
and thereby lower the power consumption on the platform improving the overall
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energy efficiency of the system. Moreover, as the HAPs platform could poten-
tially be linked to multiple ground stations and relay nodes, coordination and
cooperation between these stations is an important consideration for reducing
the communication energy costs within the system.

In this paper, we consider a cooperative networking scenario based on decode
and forward mechanism on the ground between the terrestrial radios for the
uplink hybrid HAP-terrestrial system. The terrestrial source node with a bad
uplink channel will cooperate with a neighboring terrestrial node in order to
transmit its data to the HAP station. The terrestrial node acting as the relay
node poses a good uplink channel with the HAP station. For a bit error rate
(BER) constraint requirement, we show that depending on the channel gains
cooperation can lead to energy efficient communications. We present some nu-
merical results to show the improvement in the energy efficiency. Moreover, we
provide an optimization strategy to select the source relay transmission power
levels for the cooperative relay link in order to minimize the overall energy con-
sumption due to transmission. The proposed strategy and the related study not
only improves the energy efficiency of the overall communication system but
also provides seamless connectivity to the terrestrial user when the direct uplink
channel is very poor. Having these two potential benefits in mind we present our
study in the rest of the paper.

The rest of the paper is organized as follows. In Section 2 we present the
hybrid HAP-Terrestrial network model and the corresponding channel models.
In Section 3 we present the decode and forward cooperative system followed
by the energy efficiency study in Section 4. The optimum power allocation for
energy efficiency is presented Section 5. In Section 6 we present numerical results
with some concluding remarks in Section 7.

2 The Hybrid HAP-Terrestrial Network Model

In this section, we present the integrated HAP - terrestrial radio network model.
We consider an integrated HAP and multiple terrestrial radio system as depicted
in Figure-1. The aerial HAP platform is considered to act as a macro cell sur-
rounded by cells served by terrestrial base stations, including the possibility of
several ground relay stations. The integrated terrestrial-HAP system enables the
network operator to serve high-mobility users characterized with low bit rates
and at the same time, serving users with high bit rates with the terrestrial sta-
tions. The HAP network will be connected to the terrestrial networks through a
series of ground gateway stations. Though, we limit the study to a single HAP
system (with a single aerially deployed HAP station) in this paper, it could be
conveniently extended for a multiple HAP system (multiple interconnected HAP
stations) linked with multiple terrestrial radios. The scenario presented here is
motivated by the work conducted in the C2POWER project for power efficient
cooperation in multi-radio platforms [21]. In our network model we also assume
context awareness meaning that the channel, communications and networking
parameters corresponding to the participating nodes are known to each other.
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$-Sourcenode
R-Relay node
HAP - High Altitude Platform station

Fig. 1. The hybrid HAP-Terrestrial communication system with cooperative relay link

The cognition can be provided by means of learning or by means of signalling
mechanisms, the treatment of such however are not addressed in this paper but
simply assume that context aware capabilities are present (which is infact a
valid assumption considering the next generation terrestrial systems [21]). The
terrestrial nodes are also aware of the neighboring nodes by means of spectrum
sensing and cognitive learning capabilities embedded in the radios [9], [10], [11].

2.1 The Channel Models

Theoretical channel models have been proposed in the literature for the uplink
terrestrial to HAP communication channel [7]. In our work for the convenience
of theoretically studying the energy efficiency we consider a Rayleigh channel
model with free space pathloss for the uplink communications having different
small scale channel gains with spatial separations. In other words the uplink
channel gains for the S — HAP and the R — HAP can vary due to its spatial
separation. The Rayleigh channel model for the uplink clearly describes that no
line of sight communication exist due to the position of the mobile terrestrial
nodes (in an urban environment) and the stratospheric rain fading conditions. It
is also possible to extend our analytical work presented in this paper to a Ricean
channel for the uplink however we consider the Rayleigh channel as an example
for simplicity.

The channel model between the terrestrial radios is also considered to be a
Rayleigh fading channel with a pathloss exponent of aso, as we present subse-
quently. Figure-2 depicts the channel models and the related parameters for the
hybrid Terrestrial-HAP system, where h; with ¢ € {1,2,3} are the small scale
Rayleigh fading channel gains, d; are the T-R distances, «; are the pathloss
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Fig. 2. The channel parameters for the hybrid HAP-Terrestrial system

exponents, and L; are the mean pathloss for the respective links. The pathloss
is given by,

L) = i) () 0

where, L;(dy) is the pathloss at a reference distance dp which is given by the
free-space pathloss [8] L;(dy) = (4= f;do /0)2, where f; is the carrier frequency
and ¢ = 3 x 10% is the speed of light. Moreover, we also define the average
power gains of the channels given by v; = 1 fot h3(t)dt. With the assumption of
context awareness, the above mentioned parameters such as the T-R separations
d;, the channel power gains h;, the pathloss exponent «; are all known to the
terrestrial nodes. Note that since the uplink communication has a free space
pathloss model, from the terrestrial node to the HAP, we have a; = a3 = 2,
where as as would vary with time and the positions of the terrestrial nodes. As
mentioned before, the positions and the channel parameters are all assumed to
be known to the nodes S and R by means of cognitive learning features in the
respective radios.

3 Decode and Forward Cooperative Relay
Communications

For the cooperative network model in Figure-2 the received signals for the com-
munications from S — HAP, S — R, and R — HAP (ie. for i = 1,2 and 3
respectively ) can be expressed in the form of,

1

rilt) = gy OO+ ilt) (2)
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where, s;(t) are the transmitted signal components and v;(t) are the additive
Gaussian noise components at the receivers with a double-sided power spectral
density of Ny(i)/2. Moreover, we consider a BPSK communication system for all
the links in our example corresponding to the signal components s;(t) in equation
[@)). The bit error probability under Rayleigh fading with additive Gaussian noise
channels for all the links is given by [§],

II; = 0.5 (1\/(1fﬂ)> (3)

where I, = Fy(i)y;/No(i) is the average received SNR. for the i'" link, Fj(4)
is the received bit energy given by F(i) = Py(i)GGY/[A;L;(d;)], P:(i) is the
transmitted signal power, Gf and G are the transmit and receive antenna gains,
and A;(bits/s) is the data rate for link i. Note that according to our notations
we have Gt = G5, G5 = G, G = GY,.

Based on the decode and forward strategy for the cooperative relay link the
relay node will receive the signal o () from the source node, detect it, and trans-
mit it to the HAP. The HAP will then receive the signal r3(¢) from the terrestrial
relay node and decode it. On the other hand in the direct link transmission the
HAP will directly receive the signal 71 (t) from the terrestrial source node. In
the subsequent sections we study the energy efficient way for the source node
to communicate with the HAP, by choosing between the relay and the direct
links, depending on the communication channel conditions to achieve the same
bit error probability £.

3.1 Overall Bit Error Probability

In this section we present the overall bit error probability for the relay link based
on the decode and forward cooperative strategy. If IT, and IT3 are the bit error
probabilities respectively of the concatenated two-hop relay link with decode
and forward protocol, then the overall bit error probability of the relay link is
given by IT = II5(1 — II3) + IT5(1 — I13). By expanding this expression we have,

T = ITy + T3 — 201,115 (4)

and since the probability values are less than one (small), the last term of the
above expression can be ignored, giving us a final expression of,

=1+ (5)

Then using @) in (&), we have

Fg Fg
et W<1+F2>> ’ Wuw)

In the following sections we will analyze the energy efficiency associated with
the cooperative relay link for a given BER constraint of IT = [T} = &.

(6)
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4 Energy Efficient Communications with BER Constraint

In this section we study the relative energy efficiency of the relay link and the
direct link. For the direct communication link from S — HAP, with a given
BER constraint of &, and considering the BER expression in (@), the transmit
power requirement P;(1) at the source node S can be computed as,

A1Ly(d1)No(1)(1 — 2¢)?
P(1) = 1t 15 1)No(1)( 52) )
GiGim[l — (1 —2¢)?]
Likewise, for the relay link from S — R — HAP the transmit power pair
{P:(2), P,(3)} requirement at the source node and the relay node respectively

for the same BER constraint &, using the BER expression ({f]), can be computed
as,

/\2
T GLGEys(1 - N2)

where A is a function of P;(2), and is given by,

)\ _ \/ Klpt(Q) _25 (9)

P,(3) Ls(d3)No(3)As (8)

1+ K1P,(2)

with Ky = LQ(;})%‘EE) A, From equations (7)), (8) and (@) we have the trans-
mit power requirements at the source and relay nodes for the direct and relay
transmissions for a given bit error rate constraint. Now, let us define an energy
efficiency factor 8 to compare the energy efficiency between the direct and the
relay links, given by,

ga [P:(2) + Pi(3)]

(1)

Then, based on the definition of 3, one may conclude that direct link is more
efficient than the relay link if 8 > 1 (or 8(dB)> 0), or the relay link is more
efficient than the direct link if 8 < 1 (or 3(dB)< 0), or both relay and direct
links are equally energy efficient if 5 = 1 (or §(dB)= 0) but considering the
overhead due to cooperation the direct link is preferred when 8 = 1. Note that
in our work we ignore the energy consumptions due to processing at the nodes.
As we observe from the above expressions it is very clear that the value of §
depends on several parameters such as the pathloss exponent as, terrestrial T-
R separation ds, and the small scale channel gains ~;, etc. With the context
aware capabilities at the terrestrial nodes by means of cognitive functionalities
the source node could adopt its transmissions between the direct and relay links
for improved energy efficiency. In Section 6 we present numerical results for the
analysis presented in this section.

(10)

5 Optimum Source-Relay Power Allocation for Maximum
Energy Efficiency

Suppose the cooperative relay link exhibits better efficiency compared to the
direct uplink, in other words when 8 < 1 (or 8(dB) < 0), then the source
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and the relay node transmit power levels need to be carefully chosen in order to
minimize the total energy utilization for the transmission. It is observed that the
efficiency factor 3 exhibits a convex property which could be then minimized to
have better energy efficiency. From the numerical results presented in the next
section we observe the convex property of 3 clearly. Suppose X = P;(2) + P;(3),
then the optimal source-relay transmit power levels are given by,

{pt(Q)a Pt(?’)} = arg H}}H{B} (11)
or equivalently, given by,
{P(2), Pi(3)} = argmin{P,(2) + P.(3)} (12)

The optimum transmit power values for the source and relay nodes are then

given by taking the first derivative of X with respect to P;(2) and equating it
to zero. The first derivative therefore is given by,
dX dP;(3

_14 420 (13)
ap(2) T ap)

Then, by using equations (§) and (@), we arrive at the following expression for

d zgl,,}((z)a given by,

1
dX KoK2\
i =1 0"l (14)
:(2) P (2)(1+ K1 P} (2))(1 - A2)2

where, Ko = L3(‘2£N§$)A3. The optimum transmit power at the source node is

then given by solving the following equation,

1
dX KoK2\
<dP2> =1+, o =0  (15)
(2) ) p2)=5.2) P2 (2)(1+ K1 P72 (2))(1 — A2)?

Solving the above equation for /(2) is not trivial and hence we use the Gradient
Descent method to find P;(2). The gradient descent algorithm for some € > 0 to
compute the optimum source power is then given by,

1
. . KoK\
Ptn+1(2) = Ptn(2) — € <1 + 0 Als " ) (16)
P (2)(1+ K1 Ff(2))(1 = A7)?
— KiP,(2) i - 5
where, An = (/| e B (o) — 26 The above iteration converges to P, (2) —

Pt(Z) for sufficiently large n depending on the value of €. The corresponding
optimum relay transmit power can then be computed by using equations (g
and (@), which is given by,

. %

PO = G - gy MO "
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where A is given by,

< KiP(2)
A= \/1 + K1 P(2) = (18)

Therefor, by using equations ([I6) and (), one could compute the optimum
source-relay transmit power levels for minimum energy consumption in the co-
operative relay link.

6 Numerical Results

In this section we present numerical results to analyze the relative energy ef-
ficiency of cooperative relay link with the direct link. First, we consider the
analytical results obtained in Section 4. The following simulation parameters
are considered for our analysis;

Link-1: From S to HAP (Direct Uplink)
A =100e3(bps),v1 = 5e — 1,d; = 20.0025¢3(m), f1 = 3.5e9(Hz), a1 = 2,
GY = 30(dB), G} = 25(dB).

Link-2: From S to R (Relay Terrestrial Link)
Ay =100e3(bps), v2 = 20, ds = 2.5e3(m), fo = 3.5e9(Hz), ag = 2.3,
G5 = 30(dB), G5 = 30(dB).

Link-3: From R to HAP (Relay Uplink)
Az = 100e3(bps),v3 = 1,d3 = 20.0035e3(m), f3 = 3.5e9(Hz), a3z = 2,
G% = 30(dB), G5 = 25(dB).

Common parameters
& =1e73, Ny(i) = —140(dBw/Hz).

Note that some of the parameters above are varied in the results presented
subsequently, in this case the varied parameters are explicitly mentioned appro-
priately.

Figure-3 depicts the power requirements for the direct and relay links for
the above given parameters. In the figure we have plotted the required direct
uplink power for a BER of 1le™3 together with the terrestrial relay-node power
in dBw, the total relay link transmit power (sum of link-2 and link-3) in dBw,
and the energy efficiency factor 3(dB). From the figure we observe that when
the total relay-link power exceeds the direct uplink transmit power then the
direct transmission becomes energy efficient and when the total relay-link power
is lower than the direct uplink transmit power then the relay-link transmission
becomes energy efficient. This is also observed by looking at the § curve in
Figure-3, that is the relay link becomes efficient when 5(dB)< 0 and the direct
uplink becomes efficient when 3(dB)> 0. Furthermore, we observe that the total
transmission power for the relay link (or equivalently the energy efficiency factor
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Fig. 3. Comparing the direct and relay links for energy efficiency, for a BER constraint
of ¢ =1le 3
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Fig. 4. The energy efficiency factor comparing the direct and relay links, for varying
BER constraints

B) exhibits a convex property in the domain of the source transmit power P;(1).
This is a desirable feature to optimize the power consumption by choosing the
appropriate source-relay transmit power levels if the relay link is chosen to be
the energy efficient link, as discussed in Section 5.

Figure-4, Figure-5 and Figure-6 show the variations on the energy efficiency
factor 8 for varying BER constraint £, the direct uplink fading gain -7, and the
terrestrial channel gain ~5. As observed in Figure-4, when the BER constraint
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Fig. 5. The energy efficiency factor comparing the direct and relay links, for varying
direct up-link channel gain v,
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Fig. 6. The energy efficiency factor comparing the direct and relay links, for varying
terrestrial link channel gain v

& reduces, the source transmit power requirement also reduces for the values
of 3(dB)< 0. In Figure-5, we observe that the range of source transmit power
levels such that $(dB)< 0 increases when the direct uplink gain reduces (i.e.
when fading gets severe), this is because when ~» reduces the cooperative relay
link becomes more and more energy efficient compared to the direct uplink. In
Figure-6, we observe that the source transmit power requirement reduces for the
case of #(dB)< 0 when the terrestrial channel gain 7, increases, as expected.
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Fig. 7. Optimum source power for the cooperative relay link, for varying terrestrial
T-R distance do

Finally, we present the results for the optimum power allocation between the
source and the relay nodes when 3(dB)< 0. Figure-7 depicts the variations in
0B for varying T-R separation ds between the terrestrial nodes. In the figure we
also depict the optimum source power selection for minimizing the total energy
consumption in the cooperative relay link as described in Section-5. As observed
in the figure, the optimum source power level increases with increasing ds as
expected for the same channel condition ~s.

7 Conclusion

In this paper, we consider energy efficiency of a cooperative HAP and terrestrial
communication system. For Rayleigh fading channels, we analyze the energy ef-
ficiency for the cooperative relay link and the direct uplink. Our analysis shows
that for poor direct uplink channels the cooperative relay link provides bet-
ter energy efficiency. Numerical results were presented to show the comparative
energy efficiency between the cooperative relay link and the direct uplink for
various network and channel parameters. We had also presented an optimiza-
tion framework to select the optimum source and relay transmit power levels for
the cooperative relay link based on a Gradient Descent iterative method for the
Rayleigh fading channels. Our future work in this area include similar analysis
with Ricean and other fading channels for the uplink and also consider cooper-
ation between multiple HAP stations communicating and coordinating through
inter-platform links.
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