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Abstract: A stratospheric pseudolite (SP) is a pseudolite installed on a stratospheric airship. A strato-
spheric pseudolite network (SPN) is composed of multiple SPs, which shows promising potential in
navigation applications because of its station-keeping capability, long service duration, and flexible
deployment. Most traditional research about SPN geometry optimization has centered on geometric
dilution of precision (GDOP). However, previous research rarely dealt with the topic of how SPN
geometry configuration not only affects its GDOP, but also affects its energy balance. To obtain an
optimal integrated performance, this paper employs the proportion of energy consumption in energy
production as an indicator to assess SPN energy status and designs a composite indicator including
GDOP and energy status to assess SPN geometry performance. Then, this paper proposes an SPN
geometry optimization algorithm based on gray wolf optimization. Furthermore, this paper imple-
ments a series of simulations with an SPN composed of six SPs in a specific service area. Simulations
show that the proposed algorithm can obtain SPN geometry solutions with good GDOP and energy
balance performance. Also, simulations show that in the supposed scenarios and the specific area,
a higher SP altitude can improve both GDOP and energy balance, while a lower SP latitude can
improve SPN energy status.

Keywords: stratospheric airship; pseudolite network; geometric dilution of precision (GDOP); energy
balance; gray wolf optimization

1. Introduction

Stratospheric airships are flight vehicles that can keep their flight altitude by buoyance.
They can reside in the lower portion of the stratosphere and perform station-keeping
missions for a long time. This capability can provide a very efficient flight for many
missions, such as science exploration, communications, earth observations, and navigations.

Researchers have proposed the concept of stratospheric pseudolites (SPs), which
means to install transmitters on stratospheric airships to send out GPS-like signals to
improve GNSS performance. Furthermore, a stratospheric pseudolite network (SPN) can
be constructed by multiple SPs, which can provide independent positioning, GNSS aug-
mentation and other services, especially in case of degraded visibility of GNSS signals.
An SPN can provide many advantages such as wide coverage, long service duration, and
flexible deployment; therefore, it has attracted abundant attention. Tsujii established a min-
imum configuration of a GPS/SP system to augment GPS and implemented experiments
in both static and kinematic modes [1]. Dovis introduced an SPN system architecture,
and discussed some key issues about SPN performance, including SP positioning, pseudo-
ephemeris broadcasting, and GDOP improvement [2]. Zheng carried out simulations for
SPN in urban areas and proved its effect on improving the horizontal dilution of precision
(HDOP) and 3D positioning accuracy [3]. Chandu designed an SPN framework, described
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its dataflow and mathematical model, and compared the feasibility of various SPN geome-
try configurations [4]. Dai presented SPN modeling strategies to deal with positioning error
sources and proposed geometry optimization solutions for two application scenarios [5].

In previous research about SPN, geometry configuration has been identified as a
critical factor affecting its positioning performance significantly. A series of approaches
have been discussed to optimize the SPN geometry configuration, which can be divided
into empirical methods and meta-heuristic optimization methods.

With empirical methods, Fateev suggested that an ideal pseudolite network should be
composed of 5–10 pseudolites, which should be distributed along the edge of the service
area and at different altitudes [6]. Sang studied the relationship between network geometry
layout and geometric dilution of precision (GDOP) and illustrated three defective layouts
that should be avoided in practice [7]. Hu, Gao, and Yang provided different geometry
configurations for four SPs, five SPs, and six SPs, respectively, to minimize GDOP based on
priori theories [8–10].

As to meta-heuristic optimization methods, Mosavi presented a pseudolite network
geometry design approach with multiple evolutionary algorithms, including the genetic
algorithm (GA), simulated annealing algorithm (SA), and particle swarm optimization
algorithm (PSO) [11]. Shao offered a design strategy for pseudolite network geometry
based on PSO and carried out indoor tests [12]. Tang put forward a multi-objective PSO
algorithm for pseudolite network geometry design, whose purpose was to maximize the
visual area while minimizing GDOP [13]. Yang adopted GA to search for optimal SPN to
reduce the ephemeris error, ranging error, and positioning error in GNSS augmentation [14].
Chen utilized improved GA to select the best configuration aiming at enhancing accuracy in
mobile positioning [15]. Song proposed an adaptive GA to realize geometry optimization
under multiple constraints, especially under orographic terrain constraints and traffic
facility constraints [16].

The studies listed above provided rich references for SPN geometry design. How-
ever, the energy balance requirement of SPN has rarely been analyzed, with even less
consideration of the integrated optimization of SPN energy balance and GDOP.

In fact, the energy system of an SP is quite different from that of other aerial vehicles
because it is always in the dynamic variation of energy production and energy consumption
in its service duration. The balance between energy production and energy consumption
is very vulnerable, since the energy gained from the solar arrays is quite limited, while
the energy consumption due to resisting wind is enormous. Once its energy consumption
exceeds energy production, an SP will encounter difficulties sustaining normal operation,
making its service availability and continuity degrade greatly.

The main problem is that GDOP, SP energy production, and SP energy consumption
are all governed by the SPN configuration. If GDOP is regarded as the sole objective during
the course of SPN geometry design, an SPN unable to keep energy balance may be obtained.
To avoid such an unpractical result, this paper proposes an SPN geometry design algorithm
based on gray wolf optimization (GWO), pursuing the integrated optimization of GDOP
and SPN energy balance.

This paper assumes the transmitting antennas onboard are directional antennas point-
ing down to the ground. Furthermore, this paper makes the following assumptions for an
SP in its service duration, as Table 1 illustrates:

Table 1. Assumptions for an SP in its service duration.

Symbolic Physical Meaning Assumption

λj longitude of the j-th SP remain constant
Φj latitude of the j-th SP remain constant

hj altitude of the j-th SP
remain constant, 18–20 km as the

preferred interval, and 20–28 km as the
alternative interval [17,18]
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Table 1. Cont.

Symbolic Physical Meaning Assumption

γj yaw angle of the j-th SP remain constant, do not affect the
vector between a user receiver to the SP

αj pitch angle of the j-th SP 0
βj roll angle of the j-th SP 0
mj mass of the j-th SP remain constant

Jkaj
energy spent on keeping flight altitude

of the j-th SP 0

ηvj photoelectric conversion efficiency remain constant

Jloss
energy loss in the process of transfer,
charging, storage, and discharging 0

The rest of this paper is organized as follows. The GDOP of SPN is analyzed in
Section 2, an energy balance model of SPN is established in Section 3, an SPN geometry
design algorithm based on GWO is proposed in Section 4, simulations and discussions are
presented in Section 5, and conclusions and future works finally complete this paper.

2. GDOP of an SPN

GDOP is a widely used indicator in SPN performance assessment. It is defined as the
statistics ratio of positioning accuracy, timing accuracy, and ranging accuracy. Given the
same pseudo-range error, the smaller the GDOP is, the smaller the positioning error and
timing error are.

In this paper, the GDOP of an SPN is defined as the average GDOP of multiple users
in the SPN service area, which can be described by Equation (1).

GDOPN =
1

nu

nu

∑
i=1

GDOPi (1)

In Equation (1), nu represents the number of observers distributed in the service
area. GDOPi represents the GDOP of the i-th user, which can be calculated by Equa-
tions (2)–(4) [19–21].

GDOPi =

√
tr(HT

i Hi)
−1 (2)

Hi =


axi1 ayi1 azi1 1
axi2 ayi2 azi2 1

...
...

...
...

axinp ayinp azinp 1

 (3)

axij =
xj−xui√

(xj−xui)
2+(yj−yui)

2+(zj−zui)
2

ayij =
yj−yui√

(xj−xui)
2+(yj−yui)

2+(zj−zui)
2

azij =
zj−zui√

(xj−xui)
2+(yj−yui)

2+(zj−zui)
2

(4)

In Equations (2)–(4), Hi represents the observation matrix of the i-th user, np represents
the number of SPs in the network, axij, ayij, azij represent the vector components between
the i-th user receiver and the j-th SP, (xui, yui, zui) represent the position of the i-th user in
the ECEF (Earth-Centered, Earth-Fixed) coordinate system, and (xj, yj, zj) represent the
position of the j-th SP in the ECEF coordinate system, which is gained from (λj, Φj, hj) by
coordinate transformation.
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3. Energy Balance of an SPN
3.1. Energy Consumption of an SP

SP energy is used to support its equipment, such as the propeller, flight controller,
TT&C (Telemetry, Tracking, and Command) system, and mission payloads. The propeller
consumes a great deal of energy, and it is deeply affected by SP position and attitude. The
energy consumption of the other equipment is slightly affected by SP position and attitude,
and their requested power is assumed to be constant in this paper.

3.1.1. Energy Consumption of a Propeller

For the j-th SP, the power required by its propeller can be estimated by Equation (5) [22].

Pej = TjUj/ηpj/ηej (5)

In Equation (5):
Pej represents propeller power;
Tj represents thrust generated by the propeller;
Uj represents airspeed;
ηpj and ηej represent propeller efficiency and motor efficiency, respectively, which can

be assumed as constants according to the analysis in [22].
So, the energy consumption of the propulsion propeller of the j-th SP, represented by

Jej, can be expressed by Equation (6).

Jej =
∫ ts

0
TjUj/ηpj/ηejdt (6)

In Equation (6), ts represents the station-keeping time of the SP.
To facilitate analysis, SP motion can be decomposed into motion along the axis direc-

tion and motion along the normal direction. The propeller is assumed to be able to generate
thrusts along the axis direction and along the normal direction independently, as illustrated
in Figure 1.

Figure 1. Illustration of an SP motion decomposition in the horizontal plane (since both pitch angle
and roll angle of SPs are assumed as 0, this figure only illustrates the motion decomposition in the
horizontal plane).
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Then, Equation (6) can be rewritten into Equation (7) [23].

Jej =
∫ ts

0
(TajUaj + TnjUnj)/ηpj/ηejdt (7)

In Equation (7):
Taj represents the axial component of thrust Tj;
Uaj represents the axial component of airspeed Uj;
Tnj represents the normal component of thrust Tj;
Unj represents the normal component of airspeed Uj;
Taj and Tnj can be estimated by aerodynamic resistance, and Uaj and Unj can be

estimated by local wind speed, as described in Equation (8).

Taj = −Daj = − 1
2 ρmjV

2/3
j U2

ajCDj

Uaj = −W(λj, ϕj, hj, t) cos(γj − γw)

Tnj = −Dnj = − 1
2 ρmjV

2/3
j U2

njCDj

Unj = −W(λj, ϕj, hj, t) sin(γj − γw)

(8)

In Equation (8):
Daj represents the aerodynamic resistance along the axis direction;
Dnj represents the aerodynamic resistance along the normal direction;
W(λj, Φj, hj, t) represents the wind speed at position (λj, Φj, hj) and at time t;
ρmj represents the atmosphere density at altitude hj;
Vj represents the volume of the j-th SP, and Vj

2/3 is used to estimate its reference area;
CDj represents its aerodynamic resistance coefficient;
γw represents the local wind direction angle.
Wind speed W(λj, Φj, hj, t), wind direction angle γw, and atmosphere density ρmj

change enormously with position, as illustrated in Figures 2–4.
Figure 2 illustrates the meridional and zonal wind speeds in a specific area at an

altitude of 20 km. It can be seen from Figure 2 that both meridional wind speed and zonal
wind speed vary greatly with latitude in the area. The minimum zonal wind speed is about
8 m/s, while the maximum zonal wind speed has doubled to about 16 m/s. The meridional
wind speed has undergone a directional reverse.

Figure 3 illustrates the meridional and zonal wind speeds at a certain location within
the altitude interval of 18–30 km at four typical times in March, June, September, and
December. From Figure 3, it can be seen that the zonal wind speed varies greatly with
altitude changes, whose difference can reach tens of meters. Also, the meridional wind
speed shows slight changes.

Figure 4 illustrates the atmospheric density variation of the U.S. standard atmosphere
model at an altitude interval of 18–30 km. At an altitude of 18 km, the atmosphere density
is about 0.12 kg/m3, while at an altitude of 30 km, the atmosphere density rapidly decays
to less than 0.02 kg/m3. The attenuation of the atmosphere density exceeds 80%, reflecting
a significant change.

These differences illustrated in Figures 2–4 can lead to a huge difference in the energy
consumption of a propeller.
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Figure 2. Horizontal wind speeds for a specific region at a certain time: (a) meridional wind;
(b) zonal wind.

Figure 3. Horizontal winds at different altitudes for a specific region.
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Figure 4. Atmosphere density from 18 km to 30 km according to U.S. Standard Atmosphere, 1976 [24].

3.1.2. Total Energy Consumption of an SP

The energy consumption of other equipment is only slightly affected by the SP position
and attitude. Thus, their energy consumption is assumed to be a constant represented by
Ppj. Their energy consumption, represented by Jpj, can be expressed simply by Equation (9).

Jpj = Ppj ts (9)

The total energy consumption of the j-th SP, represented by Jj, can be seen as the sum
of propeller energy consumption and other equipment energy consumption, which can be
expressed by Equation (10).

Jj = Jej + Jpj (10)

3.2. Energy Production of an SP

SP energy production relies on the solar arrays laying on its airship surface, which can
convert solar radiation into electricity. Solar radiation harvested by the solar arrays can be
divided into direct radiation, scattered radiation, and reflected radiation. Since the effect
of scattered radiation and reflected radiation is far less than direct radiation, this paper
emphasizes direct radiation and ignores scattered radiation and reflected radiation.

3.2.1. Solar Direct Radiation

The solar direct radiation intensity on the top of the atmosphere in the normal direction,
represented by Itop, can be expressed by Equation (11) [25].

Itop = ISC Ec (11)

In Equation (11), ISC represents the solar constant, and Ec represents a sun–earth
distance correction, which can be expressed by Equation (12) [25,26].

Ec = 1 + 0.033cos(2πdn/365) (12)

In Equation (12), dn represents the day number in a year.
The solar direct radiation intensity at different altitudes is affected by the atmosphere

transmissivity, which can be expressed by Equation (13) [26].

IDj = Itopτj (13)

In Equation (13), IDj and τj represent solar direct radiation intensity and atmosphere
transmissivity at altitude hj, respectively. τj can be calculated by Equation (14) [27].

τj = 0.56(e−0.65λmj + e−0.95λmj) (14)
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In Equation (14), λmj can be estimated by Equation (15) [27].

λmj =
pj

p0
[
√

1229 + (614 sin θej)
2 − 614 sin θej] (15)

In Equation (15), pj represents the pressure of the atmosphere at altitude hj; p0 repre-
sents the pressure of the atmosphere at sea level.

θej represents the solar elevation angle at latitude Φj, which can be expressed by
Equation (16) [26].

sin θej = sin ϕj sin δ + cos ϕj cos δ cos ωj (16)

In Equation (16), δ represents sun declination; ωj represents sun hour angle.
The sun declination δ is the angle of the sun above or below the equator plane. It

changes with the date. It will reach its maximum value (23.45 degree) at the summer
solstice in the northern hemisphere, and will reach its minimum value (−23.45 degree) at
the winter solstice. δ can be roughly calculated by Equation (17) [25].

δ =

{
23.45 sin(2π(dn − 81)/365) dn > 81
23.45 sin(2π(dn + 284)/365) dn ≤ 81

(17)

The sun hour angle ωj is the angle between the sun and the local meridian, which
changes 15 degrees per hour and can be calculated by [25].

ωj = 15(t − 12) (18)

3.2.2. Energy Production of a Solar Array

The solar array mounted on the airship surface can be divided into multiple cells
to analyze its energy production precisely. If the area of cell k is represented by Ajk, the
angle of the solar direction vector and the normal vector of cell k is represented by ψjk, and
the output power of cell k produced by solar direct radiation, represented by PDjk, can be
calculated by Equation (19) [28,29].

PDjk = IDj Ajkcosψjk (19)

The aggregate output power of all the cells in the solar array, represented by PPVj, can
be calculated by Equation (20).

PPVj =
nc

∑
k=1

PDjk (20)

In Equation (20), nc represents the number of solar array cells. The energy produc-
tion of the j-th SP in its station-keeping time, represented by Qj, can be expressed as
Equation (21).

Qj =
∫ ts

0
PPVjηVjdt (21)

In Equation (21), ηVj represents the photoelectric conversion efficiency of the solar
array.

Figure 5 illustrates diurnal energy productions of an SP at different positions, reflecting
energy production gaps caused by SP positions.
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Figure 5. Comparison of energy productions of an SP at different positions on a specific day.

3.3. Energy Balance Indicator of an SPN

According to the analysis above, this paper proposes an energy balance indicator to
assess an SP’s energy status, which can be formulized as Equation (22).

Bj = Jj/Qj (22)

In Equation (22):
Jj represents the energy consumption of the j-th SP, which is defined in Equation (10);
Qj represents the energy production of the j-th SP, which is defined in Equation (21);
Bj represents the ratio of energy consumption and energy production, reflecting the

energy status of the j-th SP.
For an SPN, its energy balance can be assessed by the sum of all the individual energy

balance indicators, which can be expressed as Equation (23).

B =
np

∑
j=1

Bj (23)

4. SPN Geometry Optimization Algorithm
4.1. Objective Function and Constraints

SPN design is a multi-objective optimization problem with multiple constraints. This
study has two objectives: the first is to minimize SPN GDOP in a given area, which is
defined in Equation (1); the second is to minimize the SPN energy balance indicator, which
is defined in Equation (23).

Thus, the overall optimization objective function, represented by F, can be expressed as

F = w1GDOPN + w2B

w1 + w2 = 1
(24)

In Equation (24), w1 and w2 represent the weight of GDOP and energy balance in the
overall objective function, respectively. Their values can be adjusted within the interval
[0, 1] according to requirements, keeping their sum as 1. If w1 is set as 0, it means that
GDOP will be ignored in the process of SPN geometry optimization, and if w2 is set as 0, it
means that energy balance will be ignored.

Two optimization constraints are emphasized in this study. The first is no co-location
constraint, meaning that all the SPs in the network should not be deployed in the same
position. It can be attributed to the large volume of airships, whose length can reach
hundreds of meters. So, a distance is required between SPs to ensure safety, and the
distance can be determined according to practical factors such as SP length. The second is
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the individual energy balance constraint, requiring each SP in the network to maintain its
individual energy balance, which means that for any j ∈ [1, np],

Bj < 1 (25)

4.2. SPN Geometry Optimization Based on GWO

GWO is a widely used optimization algorithm in many fields [30,31]. It is a meta-
heuristic optimization algorithm developed by Mirjalili in 2014 that mimics the hunting
behavior and leadership hierarchy of gray wolves [30]. Compared with traditional empirical
methods, GWO requires neither gradient information nor continuous derivative of objective
functions. Compared with other meta-heuristic optimization algorithms, such as GA, PSO,
and SA, GWO has fairly competitive performances [30]. Therefore, GWO is employed in
this paper to implement SPN geometry optimization.

In GWO, a solution for a problem is regarded as a gray wolf, and all the available
solutions are regarded as a wolf population. Gray wolves in the population are divided
into four types: alpha, beta, delta, and omega, representing the current best, sub-optimal,
the third best, and other solutions, respectively. The search for the optimal solution is
performed by three important strategies: approaching, surrounding, and attacking prey.
For a detailed discussion about the strategies, please refer to [30].

In this paper, a gray wolf is defined as the positions of all the SPs in an SPN. The fitness
of a gray wolf can be calculated by Equation (24), which represents the weighted sum of
GDOP and energy balance indicators, reflecting the comprehensive performance of a gray
wolf. From the analysis above, it can be seen that the goal of SPN geometry optimization is
to find the SP positions that entail minimizing the objective function (24). This is equivalent
to finding the gray wolf that obtains the minimum fitness. Specific steps of SPN geometry
optimization can be described as follows [30].

Step 1: Initialize GWO parameters, including population size nw, maximum iteration
number nm, and others. Set the optimal population fitness as infinite and set the iteration
counter as 1.

Step 2: Initialize a gray wolf population randomly.
Step 3: For each gray wolf in the current population, check whether it meets the no

co-location constraint discussed in Section 4.1. If not, modify the co-located SP positions
until the no co-location constraint is met.

Step 4: For each gray wolf in the current population, check whether it meets the
individual energy balance constraint discussed in Section 4.1. If not, set the fitness of the
gray wolf as infinite.

Step 5: For each gray wolf to meet the constraints in Section 4.1, calculate its fitness
defined in Equation (24).

Step 6: Select the minimal fitness as the optimal population fitness. Update the alpha
wolf according to the gray wolf with the minimal fitness.

Step 7: Update all the gray wolves in the population with GWO strategies, such as
approaching, surrounding, and attacking prey.

Step 8: For each updated gray wolf, check whether it is outside of the search space. If
so, put it on the edge of the search space.

Step 9: Increase the iteration counter by 1.
Step 10: Stop the iteration if the iteration counter reaches the maximum iteration

number nm; otherwise, go to step 3 and continue the iteration.
Step 11: Iteration ends. The current alpha wolf is returned as the optimal solution, and

an SPN geometry configuration can be achieved based on the optimal solution.
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5. Simulation and Discussion

To verify the proposed algorithm, simulations are carried out in the scenario of SPN
positioning. The simulation environment is MATLAB 2018b, and the simulation parameters
are shown in Table 2. It is assumed that users are distributed in the service area uniformly
with an interval of 0.3 degree, which means there are 11 users in both the longitude direction
and the latitude direction.

Table 2. Simulation parameter setting.

Symbolic Physical Meaning Value

np number of SPs in the network 6
Vpj volume of stratospheric airship/m3 100,000
CDj aerodynamic resistance coefficient 0.027
ηej electric motor efficiency 0.7
ηpj propeller propulsive efficiency 0.9
ηvj photoelectric conversion efficiency 16%
Ppj other equipment power/W 100
ISC the solar constant/W/m2 1367
nw wolf population size 100
nm maximum iteration number 50
w1 weight of GDOP in the objective function 0.5
w2 weight of energy balance in the objective function 0.5

λmin minimum longitude/degree 90E
λmax maximum longitude/degree 93E
Φmin minimum latitude/degree 37N
Φmax maximum latitude/degree 40N
hmin minimum altitude to deploy SP/km 18
hmax maximum altitude to deploy SP/km 20
dst start day of the station-keeping (day number in a year) 80
ded end day of the station-keeping (day number in a year) 80
tst start time of the station-keeping (hour in a day) 0
ted end time of the station-keeping (hour in a day) 24
nu the number of observers distributed in the service area 121

5.1. Comparison of Simulations with/without Consideration of Energy Balance Requirement

To compare the proposed algorithm and traditional algorithms without consideration
of the energy balance requirement, two simulations are carried out with almost the same
steps and conditions as listed above, except for two differences.

The first difference is the weight assignment in the optimization object function, i.e.,
w1 and w2 in Equation (24). In the simulation without considering the energy balance
requirement, w1 is set as 1 and w2 is set as 0. In the simulation with consideration of the
energy balance requirement, both w1 and w2 are set as 0.5.

The second difference is the individual energy balance constraint. In the simulation
without consideration of the energy balance requirement, the constraint is ignored, i.e.,
step 3 of the optimization procedure in Section 4.2 is omitted. In the simulation with
consideration of the energy balance requirement, step 3 is executed.

The simulation results are listed in Table 3 and Figures 6 and 7.
In Table 3 and subsequent simulation result tables, columns λj, Φj, and hj list the

longitudes, latitudes, and altitudes of all the SPs in the SPN, column Bj lists the values of
the energy balance indicators for all the SPs in the SPN, column B lists the value of the
energy balance indicator for the SPN, column GDOPN lists the GDOP value for the SPN,
and column F lists the fitness of the SPN. For columns Bj, B, GDOPN, and F in these tables,
the smaller their value is, the better the SPN geometry performance is.
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Table 3. Comparison of simulations with/without consideration of energy balance requirement.

λj/deg, Φj/deg, hj/km Bj B GDOPN F

with consideration of energy
balance requirement

92.7E, 37.0N, 19.5 0.35

1.75 7.52 4.64

92.4E, 39.4N, 20.0 0.29
90.6E, 38.5N, 20.0 0.25
92.1E, 37.9N, 20.0 0.23
90.0E, 39.7N, 20.0 0.29
90.6E, 37.0N, 19.5 0.34

without consideration of energy
balance requirement

91.8E, 38.8N, 18.5 1.11

5.88 7.36 7.36

90.3E, 39.4N, 18.5 1.12
90.3E, 37.6E, 18.5 1.03
91.5E, 37.9N, 19.0 0.64
93.0E, 37.0N, 18.0 1.67
93.0E, 40.0N, 20.0 0.31

Figure 6. GDOP distribution of SPNs: (a) SPN with consideration of energy balance requirement;
(b) SPN without consideration of energy balance requirement.

Figure 7. GDOP histogram of SPNs: (a) SPN with consideration of energy balance requirement;
(b) SPN without consideration of energy balance requirement.

Column Bj in Table 3 implies that geometry configuration has a significant impact on
SPN energy balance. For the same SP, their energy balance indicator can differ by several
times at different locations.
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Column B in Table 3 also proves the necessity of energy balance analysis in SPN
geometry design. If it is ignored, an SPN with unacceptable energy performance might be
obtained, as shown in the 7th, 8th, 9th, and 11th row of Table 3 (Bj = 1.11, 1.12, 1.03, and
1.67, respectively). The station-keeping capacity of such an SPN is very poor, which will
degrade the SPN availability and continuity.

In contrast, by assigning a weight to the energy balance indicator properly in the
objective function and implementing an individual energy balance constraint, the proposed
algorithm can avoid unacceptable results effectively. Furthermore, in terms of GDOP, the
results of the algorithm considering energy are not much worse than those of algorithms
that do not consider energy.

5.2. Comparison among Different Altitude Intervals

In this section, the values of hmin and hmax in Table 2 are adjusted to compare SPN
geometry performances at different altitudes. Simulations in this section and subsequent
sections are implemented with consideration of the energy balance requirement.

Simulation results are shown in Table 4 and Figures 8 and 9.

Table 4. Comparison of SPNs in different altitude intervals.

Altitude Interval/km λj/deg, Φj/deg, hj/km Bj B GDOPN F

18~20

92.7E, 37.0N, 19.5 0.35

1.75 7.52 4.64

92.4E, 39.4N, 20.0 0.29
90.6E, 38.5N, 20.0 0.25
92.1E, 37.9N, 20.0 0.23
90.0E, 39.7N, 20.0 0.29
90.6E, 37.0N, 19.5 0.34

20~22

90.9E, 38.5N, 21.0 0.10

0.52 7.12 3.82

90.0E, 40.0N, 21.5 0.10
90.6E, 37.0N, 21.5 0.05
92.4E, 39.1N, 22.0 0.06
92.1E, 37.6N, 20.5 0.13
93.0E, 37.6N, 21.0 0.08

22~24

92.4E, 37.9N, 22.0 0.04

0.23 6.29 3.26

93.0E, 40.0N, 24.0 0.03
91.8E, 39.1N, 22.0 0.06
91.2E, 39.7N, 23.0 0.04
90.0E, 37.0N, 22.0 0.03
90.9E, 37.9N, 23.0 0.03

24~26

90.9E, 38.2N, 26.0 0.01

0.11 5.58 2.84

93.0E, 40.0N, 26.0 0.02
92.1E, 37.6N, 25.0 0.01
90.0E, 39.7N, 25.0 0.03
90.0E, 37.0N, 24.0 0.02
92.1E, 39.1N, 25.5 0.02

26~28

93.0E, 40.0N, 28.0 0.01

0.06 5.35 2.71

90.6E, 39.7N, 27.5 0.01
92.4E, 37.6N, 26.5 0.01
90.0E, 37.0N, 26.0 0.01
92.1E, 39.1N, 28.0 0.01
90.6E, 37.9N, 27.5 0.01
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Figure 8. GDOP distribution of SPNs in different altitude intervals: (a) SPNs in 20~22 km; (b) SPNs in
22~24 km; (c) SPNs in 24~26 km; (d) SPNs in 26~28 km (for GDOP distribution of SPNs in 18~20 km,
please refer to Figure 6a).

Figure 9. Cont.
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Figure 9. GDOP histogram of SPNs in different altitude intervals: (a) SPNs in 20~22 km; (b) SPNs in
22~24 km; (c) SPNs in 24~26 km; (d) SPNs in 26~28 km (for GDOP histogram of SPNs in 18~20 km,
please refer to Figure 7a).

The results in Table 4 and Figures 8 and 9 imply that under the given conditions,
both GDOP and the energy balance indicator show a decreasing trend with the altitude
increasing from 18 km to 28 km, meaning that SPN geometry performance improves as
altitude increases in this altitude interval.

The decrease in the energy balance indicator can be attributed to wind, atmosphere,
solar radiation, and other factors.

From Figure 3, it can be seen that in March, as the altitude increases from 18 km to
28 km, the zonal wind speed decreases from over 20 m/s to less than 10 m/s, while the
increase in the meridional wind speed is less than 5 m/s, resulting in a decrease in energy
consumption for the SP. From Figure 4, it can be seen that as the altitude increases, the
atmosphere density decreases, which is also beneficial for reducing energy consumption.

From Figure 10, it can be seen that the atmosphere pressure decreases as the altitude
increases. From Equations (13)–(15), it can be inferred that solar direct radiation intensity
increases as the altitude increases, which can lead to an increase in SP energy production,
as illustrated in Figure 5.

Figure 10. Atmosphere pressure from 18 km to 30 km according to U.S. Standard Atmosphere,
1976 [24].
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Therefore, the energy balance indicator, which is the ratio of energy consumption and
energy production, decreases as the altitude increases.

In addition, as the altitude increases, the value of the SPN elevation angle increases,
which can improve the GDOP of the SPN. This has been deduced and explained in detail
in [8,10].

Therefore, both the energy balance indicator and GDOP will improve as the alti-
tude increases, as shown in Table 4, Figure 8, and Figure 9. So, an SPN with a higher
station-keeping altitude is expected in order to achieve a better performance under the
given conditions.

5.3. Comparison among Different Latitude Intervals

In this section, the values of Φmin and Φmax in Table 2 are adjusted to compare network
performances in different latitudes. Simulation results are shown in Table 5.

Table 5. Comparison among SPNs of different latitude intervals.

Latitude Interval/deg λj/deg, Φj/deg, hj/km Bj B GDOPN F

33~36N

91.5E, 35.1N, 20.0 0.15

1.30 7.15 4.23

92.4E, 33.0N, 19.5 0.20
93.0E, 36.0N, 20.0 0.17
90.0E, 34.2N, 20.0 0.12
90.0E, 36.0N, 19.0 0.54
91.8E, 33.9N, 20.0 0.12

35~38N

90.6E, 35.3N, 19.5 0.28

1.61 7.32 4.47

92.4E, 35.3N, 19.0 0.52
92.1E, 36.8N, 20.0 0.19
93.0E, 38.0N, 20.0 0.23
91.2E, 36.2N, 20.0 0.17
91.2E, 37.7N, 20.0 0.22

37~40N

92.7E, 37.0N, 19.5 0.35

1.75 7.52 4.64

92.4E, 39.4N, 20.0 0.29
90.6E, 38.5N, 20.0 0.25
92.1E, 37.9N, 20.0 0.23
90.0E, 39.7N, 20.0 0.29
90.6E, 37.0N, 19.5 0.34

39~42N

92.1E, 41.4N, 19.5 0.55

2.55 7.12 4.83

90.9E, 39.0N, 20.0 0.27
93.0E, 42.0N, 20.0 0.40
90.9E, 39.9N, 19.5 0.47
92.1E, 40.2N, 20.0 0.32
90.3E, 41.4N, 19.5 0.54

41~44N

90.9E, 41.9N, 20.0 0.39

3.14 6.89 5.02

93.0E, 44.0N, 20.0 0.49
90.0E, 41.0N, 20.0 0.35
90.3E, 42.8N, 20.0 0.43
91.8E, 43.1N, 19.5 0.63
92.4E, 42.2N, 19.0 0.85

The results detailed in Table 5 imply that low latitude intervals tend to be benefi-
cial to the network energy balance while having little impact on SPN GDOP under the
given conditions.

From Figure 2, it can be seen that within the service area listed in Table 5, as the
latitude decreases, the zonal wind speed decreases significantly, which can reduce SP
energy consumption. From Figure 5, it can be seen that lower latitude can help SPs obtain
more energy production. Therefore, the SPN energy balance indicator shows a decreasing
tendency with decreasing latitude.
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6. Conclusions and Future Works

SPN is a novel aerial network with promising potential. Geometry design is a critical
problem affecting its service performance significantly. This paper focuses on SPN geometry
design to pursue a satisfactory performance for both GDOP and energy balance. In the
assumed service area and under the given simulation conditions, the following conclusions
can be drawn:

Geometry configuration has a significant impact on both SPN energy balance and
GDOP. Consequently, neither of them can be ignored in SPN geometry design.

The energy balance requirement of an SPN can be met by properly assigning weights
on the energy balance indicator in the objective function and implementing the energy
balance constraint of individual SPs.

Both GDOP and energy balance can be improved by raising the station-keeping
altitude towards the altitude interval of 26~28 km.

GDOP shows no substantial improvement when the deployment space is slightly
adjusted southward and northward. Energy balance tends to improve gently when deploy-
ment space moves southward.

Some issues can be analyzed in the future.
In this paper, the photoelectric conversion efficiency of the solar array is assumed to

be constant. However, it changes with the thermal conditions in practice. In the future, the
influence of photoelectric conversion efficiency fluctuation on SP energy production and
energy balance should be analyzed.

Also, uncertain wind is ignored in this paper since the wind at the altitude interval
of SP is relatively stable, but uncertain wind exists according to [32], and it may have an
impact on the energy consumption of SPs. Further analysis can be conducted next.

In addition, this paper implements simulations currently just for a small area. More
simulations for larger areas can be carried out according to requirements.
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