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Abstract: IPCBs (Intelligent Pseudolite Constellations based on high-altitude balloons) are a novel
type of air-based pseudolite application with many advantages. Compared with ground-based
pseudolites and traditional air-based pseudolites, IPCBs have a wider coverage and a lower energy
requirement. Compared with LEO satellite constellations, IPCBs have a stronger signal, a lower
cost, and a shorter deployment period. These merits give promising potential to IPCBs. In IPCB
applications, one of the key factors is geometry configuration, which is deeply influenced by the bal-
loon’s unique features. The basic idea of this paper is to pursue a strategy to improve IPCB geometry
performance by using diverse winds at different altitudes and balloons’ capability of altering flight
altitude intelligently. Starting with a brief introduction to IPCBs, this paper defines an indicator to
assess IPCB geometry performance, an approach to adjust IPCB geometry configuration and an IPCB
geometry configuration planning algorithm. Next, a series of simulations are implemented with
an IPCB composed of six pseudolites in winds with/without a quasi-zero wind layer. Some IPCB
geometry configurations are analyzed, and their geometry performances are compared. Simulation
results show the effectiveness of the proposed algorithm and the influence of the quasi-zero wind
layer on IPCB performance.

Keywords: intelligent pseudolite; constellation; high altitude balloon

1. Introduction

Pseudolites are transmitters that can emit navigation signals to improve GNSS per-
formance or to provide navigation service independently [1–7]. An intelligent pseudolite
based on high-altitude balloons (IPBs) is a type of novel air-based pseudolite that utilizes
a high-altitude balloon as a platform. An intelligent pseudolite constellation based on
high-altitude balloons (IPCBs) is composed of multiple IPBs, which can provide emergency
positioning service and regional positioning service independently.

As an excellent solution for regional positioning, ICPBs have many advantages. Com-
pared with ground-based pseudolites and traditional air-based pseudolites, IPCBs have
a wider coverage and can serve more users because their flight altitude can reach tens of
kilometers [8,9]. Furthermore, IPCBs have a low energy requirement since they can accom-
plish its flight primarily relying on buoyancy and wind rather than oil or electricity [10,11].
Compared with LEO satellite constellations, IPCBs have a stronger signal, a lower cost,
and a shorter deployment period [12,13]. In addition, the continuous residence duration
of an IPB over a service area is longer than that of an LEO satellite, which can reduce
navigation signal lock-lose and cycle slip caused by satellite switching [14–16]. Also, the
IPCB operation and maintenance burden is less than that of an LEO satellite constellation
because an LEO satellite constellation usually comprises a large number of satellites [17,18].
These merits give promising potential to IPCB applications.

In the application of IPCBs, geometry configuration plays a critical role since it affects
IPCB service performance significantly [19–22]. However, the problem becomes very

Electronics 2024, 13, 2095. https://doi.org/10.3390/electronics13112095 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics13112095
https://doi.org/10.3390/electronics13112095
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://doi.org/10.3390/electronics13112095
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13112095?type=check_update&version=1


Electronics 2024, 13, 2095 2 of 25

complicated because of the unique dynamic features of IPBs. Most traditional research
studies about pseudolite geometry configuration are designed for static pseudowires, which
are not suitable for IPCBs [23–27].

This paper centers on the problem of IPCB geometry configuration and proposes
a planning algorithm that emphasizes utilizing different winds smartly. The proposed
algorithm can fit the dynamic flight of IPCBs adaptively and is easy to implement. Moreover,
it can achieve performance improvements by controlling IPB valves and fans only, without
extra hardware cost.

The rest of this paper is organized as follows. An overview of IPCBs is described in
Section 2, a performance indicator of IPCB geometry configuration is defined in Section 3,
an IPCB geometry configuration adjustment approach is designed in Section 4, a series of
constraints are discussed in Section 5, a planning algorithm based on whale optimization
algorithm (WOA) is proposed in Section 6, simulations and discussions are presented in
Section 7, and conclusions are stated in Section 8.

2. Overview of IPCB

An IPB is illustrated in Figure 1. It utilizes a high-altitude balloon as a platform, which
is composed of balloon, cable, parachute, gondola, balloon controller, payloads, and other
attachments, as shown in Figure 1a. The balloon controller, payloads, and other attachments
are installed in the gondola. Furthermore, the balloon consists of a main helium bag and
an air ballonet, which are separated by a membrane, as Figure 1b illustrates [28–30]. The
main helium bag is filled with helium to provide buoyancy to the IPB, and the air ballonet
is filled with air to adjust the IPB mass. Fans and valves are installed on the bottom of the
balloon, which can pump air into or release air from the air ballonet. The balloon controller
can perceive and adjust IPB flight status intelligently. In particular, the balloon controller
can manipulate the fans and valves flexibly, enabling the IPB to adjust its mass and flight
altitude in a range.

Electronics 2024, 13, x FOR PEER REVIEW 2 of 28 
 

 

affects IPCB service performance significantly [19–22]. However, the problem becomes 
very complicated because of the unique dynamic features of IPBs. Most traditional re-
search studies about pseudolite geometry configuration are designed for static 
pseudowires, which are not suitable for IPCBs [23–27]. 

This paper centers on the problem of IPCB geometry configuration and proposes a 
planning algorithm that emphasizes utilizing different winds smartly. The proposed al-
gorithm can fit the dynamic flight of IPCBs adaptively and is easy to implement. More-
over, it can achieve performance improvements by controlling IPB valves and fans only, 
without extra hardware cost. 

The rest of this paper is organized as follows. An overview of IPCBs is described in 
Section 2, a performance indicator of IPCB geometry configuration is defined in Section 
3, an IPCB geometry configuration adjustment approach is designed in Section 4, a series 
of constraints are discussed in Section 5, a planning algorithm based on whale optimiza-
tion algorithm (WOA) is proposed in Section 6, simulations and discussions are pre-
sented in Section 7, and conclusions are stated in Section 8. 

2. Overview of IPCB 
An IPB is illustrated in Figure 1. It utilizes a high-altitude balloon as a platform, 

which is composed of balloon, cable, parachute, gondola, balloon controller, payloads, 
and other attachments, as shown in Figure 1a. The balloon controller, payloads, and other 
attachments are installed in the gondola. Furthermore, the balloon consists of a main he-
lium bag and an air ballonet, which are separated by a membrane, as Figure 1b illustrates 
[28–30]. The main helium bag is filled with helium to provide buoyancy to the IPB, and 
the air ballonet is filled with air to adjust the IPB mass. Fans and valves are installed on 
the bottom of the balloon, which can pump air into or release air from the air ballonet. 
The balloon controller can perceive and adjust IPB flight status intelligently. In particular, 
the balloon controller can manipulate the fans and valves flexibly, enabling the IPB to 
adjust its mass and flight altitude in a range. 

 
 

(a) (b) 

Figure 1. Structure illustration of IPB studied in this paper: (a) structure overview; (b) detailed 
structure of the balloon. 

An IPCB is illustrated in Figure 2. It consists of multiple IPBs and can form cover-
age over a service area. When payloads in the IPBs normally send out navigation signals, 
the IPCB can provide positioning service for the area independently. During the process 
of IPCB service, its geometry configuration is always changing with the wind, and the 

Figure 1. Structure illustration of IPB studied in this paper: (a) structure overview; (b) detailed
structure of the balloon.

An IPCB is illustrated in Figure 2. It consists of multiple IPBs and can form coverage
over a service area. When payloads in the IPBs normally send out navigation signals, the
IPCB can provide positioning service for the area independently. During the process of
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IPCB service, its geometry configuration is always changing with the wind, and the changes
are highly nonlinear, which brings difficulty to IPCB geometry configuration planning.
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3. Performance Indicator of IPCB Geometry Configuration

Assuming that an IPCB composed of np IPBs is deployed above the service area
initially and that nu users are selected as samples to assess IPCB geometry performance.
Then, the pseudo-range equation from the j-th IPB to the i-th user at time t can be expressed
by Equation (1) [31–33].

ρ(i, j, t) =
√
(x(j, t)− xu(i, t))2 + (y(j, t)− yu(i, t))2 + (z(j, t)− zu(i, t))2 + ctu(i, t) (1)

In Equation (1), ρ(i,j,t) represents the pseudo-range from the j-th IPB to the i-th user
at time t; (x(j,t), y(j,t), z(j,t)) represents the position of the j-th IPB at time t; (xu(i,t), yu(i,t),
zu(i,t)) represents the position of the i-th user at time t; c represents the speed of light; tu(i,t)
represents the clock difference of the i-th user at time t.

Equation (1) can be rewritten as Equation (2) after the first-order Taylor expansion.

∆ρ(i, j, t) = ax(i, j, t)∆xu(i, t) + ay(i, j, t)∆yu(i, t) + az(i, j, t)∆zu(i, t)− c∆tu(i, t) (2)

In Equation (2), ‘∆’ represents the difference between the Taylor expansion point and
its neighborhood, (ax(i,j,t), ay(i,j,t), az(i,j,t)) represents the direction cosine from the i-th user
to the j-th IPB at time t, which can be calculated by Equation (3).

ax(i, j, t) = x(j,t)−xu(i,t)√
(x(j,t)−xu(i,t))

2+(y(j,t)−yu(i,t))
2+(z(j,t)−zu(i,t))

2

ay(i, j, t) = y(j,t)−yu(i,t)√
(x(j,t)−xu(i,t))

2+(y(j,t)−yu(i,t))
2+(z(j,t)−zu(i,t))

2

az(i, j, t) = z(j,t)−zu(i,t)√
(x(j,t)−xu(i,t))

2+(y(j,t)−yu(i,t))
2+(z(j,t)−zu(i,t))

2

(3)

Equation (2) can be expanded from the j-th IPB to all the IPBs in the IPCB, which can
be simplified as

∆ρ(i, t) = H(i, t)∆x(i, t) (4)

In Equation (4), ∆ρ(i,t) is a vector representing pseudo-range measurement error,
∆x(i,t) is a vector representing positioning error, and H(i,t) is an observation matrix.

Equation (4) can be rewritten as Equation (5) by the least square method.

∆x(i, t) = (H(i, t)TH(i, t))
−1

H(i, t)T
∆ρ(i, t) (5)
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If the pseudo-range noises of different IPBs are linearly independent, with an average
of 0 and a variance of σ2, then the covariance of ∆x(i,t) can be expressed by Equation (6) [33].

cov(∆x(i, t)) = σ2(H(i, t)TH(i, t))
−1

(6)

From Equation (6), it can be concluded that (H(i,t)TH(i,t))−1 reveals the magnification
from a user pseudo-range measurement error to its positioning error. Given the same user
pseudo-range measurement error, the smaller (H(i,t)TH(i,t))−1 is, the smaller the positioning
error is. Consequently, the square root of the trace of (H(i,t)TH(i,t))−1 is usually treated as
an important indicator to assess the influence of a constellation geometry configuration
on its positioning error, named GDOP (geometric dilution of precision), which can be
expressed by Equation (7) [33–36].

GDOP(i, t) =
√

tr(H(i, t)TH(i, t))
−1

(7)

It is obvious that the value of GDOP(i,t) will fluctuate due to IPCBs’ dynamic move-
ments. In particular, some IPBs in the constellation may leave approved airspace as time
goes on. In such cases, they cannot continue emitting navigation signals (detailed discus-
sion in Section 5.1), which will decrease the number of available IPBs in the constellation.
Once the number of available IPBs in the constellation drops below 4, the GDOP of the
IPCB is defined as infinity in this paper.

The geometry performance of an IPCB at time t can be assessed by the average GDOP
of multiple users distributed in the service area, as described in Equation (8) [37].

GDOP(t) =
1

nu

nu

∑
i=1

GDOP(i, t) (8)

It can be concluded that the objective of IPCB geometry configuration planning is
to obtain the minimal GDOP(t) for the whole service duration. However, this approach
encounters difficulties when dealing with infinite values. To avoid such difficulties, this
paper defines the performance indicator as Equation (9).

F =
1
nt

nt

∑
t=1

1
GDOP(t)

(9)

In Equation (9), nt represents the expected service duration of the IPCB. The ultimate
objective of IPCB geometry configuration planning is to maximize F defined in Equation (9).

4. Adjustment Approaches of IPCB Geometry Configuration

As discussed in Section 2, IPBs have little actuation capability since they are not
equipped with propellers. The primary actuation they can implement is to control their
valves and fans, which cannot change the IPCB geometry configuration directly. Therefore,
this paper adopts an indirect adjustment approach.

In the vertical direction, IPBs can actively change their masses and flight altitudes
by switching their valves and fans. Specific adjustments of each IPB can be managed by
its balloon controller. In the horizontal direction, IPBs can change their trajectories with
the help of local winds at different altitudes [38–40]. By combining the adjustments in
the two directions, IPBs can change their flight trajectories, and the IPCB can modify its
geometry configuration [9,28,41,42].

Subsequent detailed analyses will be presented based on the vertical adjustment and
the horizontal adjustment of individual IPBs, respectively. The following assumptions are
made to simplify the analysis.

(1) The flight altitude of an IPB is fully controllable, and its variation depends on a rise
rate and a sink rate, represented by vrise and vsink, respectively.

(2) The horizontal velocity of an IPB is proportional to the local horizontal wind velocity.
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(3) Wind velocities vary with altitude but not with horizontal location. The wind veloci-
ties and atmosphere environment are steady during IPCB service time.

(4) The influences of balloon volume variation and thermal effect on IPB motions are ignored.

4.1. Vertical Adjustment of an IPB

An IPB usually keeps its flight altitude by maintaining the balance between gravity
and buoyancy, as Equation (10) shows:

B = G (10)

In Equation (10), B represents its buoyancy, and G represents its gravity. Buoyancy B
is related to the atmospheric density, volume of the balloon, and gravitation acceleration,
as shown in Equation (11).

B = ρair(h)Vg (11)

In Equation (11), V represents the volume of the balloon, g represents gravitation
acceleration, h represents the flight altitude of the IPB, and ρair(h) represents the air density
at altitude h. The air density is not a constant, and it varies in a wide range. According to
the standard atmosphere model (U.S. Standard Atmosphere, 1976), its change with altitude
is illustrated in Figure 3.
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Gravity G is related to helium mass, air mass, and the masses of others, as shown in
Equation (12).

G = (mHe + mair(h) + mother)g (12)

In Equation (12), mHe represents the helium mass in the main helium bag, mair(h) repre-
sents the air mass in the air ballonet at altitude h, mother represents the gross mass of balloon
envelop, cable, parachute, gondola, balloon controller, payloads and other attachments.

So if a flight altitude decline is needed, an IPB can pump air into its air ballonet, which
will increase its air mass mair(h) and gravity G, making G greater than B. The change in air
mass can be estimated by Equation (13).

∆m = (ρair(hs)− ρair(hd))V (13)

In Equation (13), hs and hd represent the flight altitude before adjustment and after
adjustment, respectively. Due to the assumption (1) in this section, the time cost of the
flight altitude adjustment ∆t can be estimated by Equation (14).

hs − hd = vsin k∆t (14)
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In contrast, if a flight altitude ascent is needed, the IPB should release air from its air
ballonet, and the time cost can be estimated by Equation (15).

hs − hd = vrise∆t (15)

4.2. Horizontal Adjustment of an IPB

According to assumption (2) in this section, the horizontal velocity of an IPB is propor-
tional to the local horizontal wind velocity [38–40]. Then, the horizontal kinematics of an
IPB can be described by Equation (16).

.
λ = γ · wz(λ, φ, h, t)
.
φ = γ · wm(λ, φ, h, t)

(16)

In Equation (16), λ represents the longitude of IPB position;
.
λ represents the variation

of λ; φ represents the latitude of IPB position;
.
φ represents the variation of φ; wz(λ, φ, h, t)

represents zonal wind velocity at position (λ, φ, h) and at time t; wm(λ, φ, h, t) represents
meridional wind velocity at position (λ, φ, h) and at time t; γ represents a drag coefficient
of IPB in the horizontal plane.

Since it is assumed that wind velocities vary with altitude but not with horizontal
location, and wind velocities are steady in IPCB service time, the relation between altitude
and wind velocity is emphasized in this paper. In general, wind velocity increases as
altitude increases in the troposphere, reaching a maximum of about 10~15 km. Then, wind
velocity decreases, reaching a minimum in the lower portion of the stratosphere at about
18~25 km [43,44]. For simplicity, a seventh-order polynomial is employed to fit the relation
between altitude and wind velocity in this paper, as described below [45–47].

wm = cm0 + cm1hstd + cm2hstd
2 + · · ·+ cm7hstd

7

wz = cz0 + cz1hstd + cz2hstd
2 + · · ·+ cz7hstd

7 (17)

In Equation (17), cm and cz represent meridional wind coefficients and zonal wind
coefficients, respectively. hstd represents normalized altitude, which can be calculated by
Equation (18).

hstd = (h − µd)/σd (18)

In Equation (18), µd and σd are both normalized parameters. Figure 4 illustrates wind
fittings for a specific area in March, June, September, and December.

Electronics 2024, 13, x FOR PEER REVIEW 7 of 28 
 

 

 
Figure 4. Wind fittings from 1 km to 30 km for a specific region. 

From Figure 4, it can be seen that wind velocity changes remarkably with altitude, 
which provides opportunities for IPBs to adjust their horizontal trajectories utilizing 
different winds. In particular, a so-called “quasi-zero wind layer” existed at an altitude 
of about 21 km in June and September, as shown in Figure 4. At altitudes up and down 
the quasi-zero wind layer, the direction of zonal wind reverses, and the magnitude of 
meridional wind is small, which is beneficial to IPBs to lengthen their flight time in spe-
cific airspace [48–53]. 

5. Constraints of IPCB Geometry Configuration 
IPCB geometry configuration faces many constraints because of its unique features 

and management strategy, such as airspace constraints, flight altitude constraints, and 
time interval constraints. 

5.1. Airspace Constraint 
Airspace is the space in which an IPCB is approved to fly at a certain time. Within 

the approved airspace, an IPB can fly with its gondola, and its payloads, such as signal 
generators and transmitters, can run normally. Once an IPB flies out of the approved 
airspace, its gondola will be cut off from its balloon, and the payloads in the gondola will 
be switched off, making it impossible for the IPB to emit navigation signals. So, the lon-
gitudes and latitudes of each IPB in the IPCB should vary depending on the extent of the 
approved airspace. 

5.2. Flight Altitude Constraint 
As discussed above, the flight altitude adjustment of an IPB is achieved by changing 

its air ballonet volume, which cannot change infinitely. The air ballonet volume of an IPB 
can only vary in a feasible range, and so does its flight altitude. During IPCB geometry 
configuration planning, the flight altitudes of all the IPBs should not go beyond the 
range. 

5.3. Time Interval Constraint 
Due to the low-density atmosphere at IPCB flight altitudes and the limited capacity 

of fans, IPCB geometry configuration adjustment requires a long time. So, the time in-
terval between adjacent adjustment actuations should be greater than the maximum tra-

Figure 4. Wind fittings from 1 km to 30 km for a specific region.



Electronics 2024, 13, 2095 7 of 25

From Figure 4, it can be seen that wind velocity changes remarkably with altitude,
which provides opportunities for IPBs to adjust their horizontal trajectories utilizing dif-
ferent winds. In particular, a so-called “quasi-zero wind layer” existed at an altitude of
about 21 km in June and September, as shown in Figure 4. At altitudes up and down
the quasi-zero wind layer, the direction of zonal wind reverses, and the magnitude of
meridional wind is small, which is beneficial to IPBs to lengthen their flight time in specific
airspace [48–53].

5. Constraints of IPCB Geometry Configuration

IPCB geometry configuration faces many constraints because of its unique features
and management strategy, such as airspace constraints, flight altitude constraints, and time
interval constraints.

5.1. Airspace Constraint

Airspace is the space in which an IPCB is approved to fly at a certain time. Within
the approved airspace, an IPB can fly with its gondola, and its payloads, such as signal
generators and transmitters, can run normally. Once an IPB flies out of the approved
airspace, its gondola will be cut off from its balloon, and the payloads in the gondola
will be switched off, making it impossible for the IPB to emit navigation signals. So, the
longitudes and latitudes of each IPB in the IPCB should vary depending on the extent of
the approved airspace.

5.2. Flight Altitude Constraint

As discussed above, the flight altitude adjustment of an IPB is achieved by changing
its air ballonet volume, which cannot change infinitely. The air ballonet volume of an IPB
can only vary in a feasible range, and so does its flight altitude. During IPCB geometry
configuration planning, the flight altitudes of all the IPBs should not go beyond the range.

5.3. Time Interval Constraint

Due to the low-density atmosphere at IPCB flight altitudes and the limited capac-
ity of fans, IPCB geometry configuration adjustment requires a long time. So, the time
interval between adjacent adjustment actuations should be greater than the maximum
trajectory adjustment time required by all the IPBs in the constellation. In this paper,
Equations (14) and (15) are used to estimate the time required for an IPB trajectory adjust-
ment.

6. Planning Algorithm of IPCB Geometry Configuration

Based on the analysis above, it can be inferred that if fans and valves can be controlled
properly, IPCB geometry configuration can be achieved by utilizing winds at different alti-
tudes effectively. So, the IPCB geometry configuration planning problem can be considered
a flight altitude combination problem that can be solved by heuristic algorithms.

WOA is a famous heuristic algorithm that has achieved success in many applica-
tions because of its strong robustness, effective searchability, and convenient parameter
settings [54–58]. Compared with PSO (particle swarm optimization) or DE (differential evo-
lution algorithm), WOA does not consider subjective parameter settings, such as the inertial
coefficient, acceleration coefficient, and other parameters in PSO, scale factor, crossover
probability, and other parameters in DE [59,60]. In addition, the performance of WOA,
PSO, and DE are compared in reference [54], and WOA displays its excellent capability [54].
Therefore, this paper adopts WOA to realize IPCB geometry configuration planning.

In the planning algorithm, the flight altitudes of all the IPBs in an IPCB can be treated
as a whale agent. The general procedure of the algorithm can be described as follows:

Initialize all the whale agents in the current whale population randomly (i.e., initialize
the flight altitudes of all the IPBs randomly);
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Acquire horizontal winds corresponding to the flight altitudes (i.e., the whale agents
just initialized) by Equation (17) or from other data sources;

Calculate horizontal trajectories of all the IPBs in the IPCB by Equation (16);
Adjust the flight altitudes and horizontal trajectories of the IPCB by approaches

defined in Section 4;
If the flight altitudes, horizontal trajectories, or adjusted time intervals (calculated by

Equation (14) or (15)) do not meet the constraints listed in Section 5, the fitness of the whale
agent is defined as 0, meaning that the corresponding IPCB geometry configuration is not
feasible in the assumed conditions;

To a whale agent complying with the constraints listed in Section 5, calculate its fitness
by Equation (9);

Calculate the fitness of all the whale agents and select the best whale agent in the
current whale population;

Update all the whale agents in the current whale population by strategies defined in
WOA, such as the “encircling prey” strategy, “bubble-net attacking” strategy, and “search
for prey” strategy [54];

Implement updating iteration according to the procedure of WOA, which has been
described in detail in reference [54];

When the iteration ends, an IPCB flight altitude can be obtained from the best whale
agent. The flight trajectory and constellation GDOP can also be calculated from the best
whale agent, forming a complete IPCB geometry configuration.

7. Simulations and Discussions

To verify the effect of the proposed algorithm, simulations are carried out in Matlab
2018b, with the context of IPCB providing independent regional positioning services.

7.1. Simulation Settings

The parameters used in the simulations are listed in Table 1.

Table 1. Parameters used in simulations.

Symbol Physical Meaning Value

np number of IPBs in a constellation initially 6
nt expected service duration of an IPCB 24 h

cm meridional wind coefficients

−0.1338, 1.3189,
−1.9669, −2.3772,

4.0187, 1.4032,
−1.4290, −0.5504

cz zonal wind coefficients

2.1927, −7.6660,
−3.0280,28.8161,

−2.6879, −41.5979,
2.0248, 21.8084

λmin minimal longitude of the approved airspace 107◦ E
λmax maximal longitude of the approved airspace 109◦ E
φmin minimal latitude of the approved airspace 39◦ N
φmax maximal latitude of the approved airspace 41◦ N
hmin feasible minimal flight altitude of an IPB 20 km
hmax feasible maximal flight altitude of an IPB 24 km

The initial geometry configuration of the IPCB is listed in Table 2, as Figure 5a,b
illustrates. Users are distributed uniformly in the service area, as Figure 5c illustrates. The
average GDOP of the IPCB with initial geometry configuration is 7.47, whose distribution
is illustrated in Figure 5d.
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Table 2. Initial geometry configuration of the IPCB.

IPB Longitude Latitude Flight Altitude

IPB 1 107.4◦ E 39.4◦ N 21 km
IPB 2 108.6◦ E 39.4◦ N 21 km
IPB 3 108.6◦ E 40.6◦ N 21 km
IPB 4 107.4◦ E 40.6◦ N 21 km
IPB 5 107.8◦ E 40◦ N 22 km
IPB 6 108.2◦ E 40◦ N 22 km
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7.2. Simulation Result

Simulations are carried out with parameters defined in Section 7.1. Figures 6–8
illustrate the planning result. If an IPB flies out of the approved airspace, its subsequent
data will not be displayed in figures.

From Figures 6–8, it can be seen that the proposed planning algorithm takes two measures
to improve IPCB geometry configuration.

The first measure is to adjust IPB flight altitudes by changing their masses. It makes
most IPBs in the constellation fly at an altitude of around 21 km, where wind velocity is
small. This measure lengthens IPBs’ flight time in the approved airspace, benefiting from
keeping the number of available IPBs in the IPCB.
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The second measure is to make IPBs fly across the quasi-zero wind layer. This measure
utilizes the reverse zonal wind direction to change IPBs’ movement direction, which can
extend IPBs’ flight time in the approved airspace and adjust IPBs’ horizontal trajectories,
thus improving IPCB geometry configuration.

7.3. Discussion about IPCBs with Different Initial Flight Altitudes

IPBs’ initial flight altitudes have a significant impact on IPCB geometry performance.
In this section, the initial flight altitudes of IPB5 and IPB6 in Table 2 are modified to 20 km,
21 km, 22 km, 23 km, and 24 km, respectively, while other conditions remain untouched.
The planning results of different IPCBs are listed in Figures 9–11.
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From the comparison of Table 3, it can be seen that there are no significant performance
differences in 20 km, 21 km, 22 km, and 23 km, but there is a declining tendency in 24 km.
The result of 24 km can probably be attributed to the short service time of IPB5 caused by
the big wind velocity. All of these are reflected in Figures 9–11.
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Table 3. Simulation results for IPCBs with different initial flight altitudes.

Initial Flight Altitude of IPB5 and IPB6/km Average GDOP

20 7.26
21 7.14
22 7.32
23 7.47
24 8.64

In addition, from Figure 11, it can be seen that for the listed initial flight altitudes, the
higher the initial flight altitude is, the better the initial GDOP is. However, the IPCB with the
highest initial flight altitude has the fastest performance deterioration due to the big wind
velocity at the highest altitude. Therefore, if short-term performance is pursued, higher
initial flight altitudes may be preferred over lower altitudes. If long-term performance is
pursued, initial flight altitudes near the quasi-zero wind layer may be preferred.
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7.4. Discussion about IPCBs with Different Initial Horizontal Layouts

The initial horizontal layout of an IPCB also has a significant impact on its geometry
performance. This section adjusts the initial latitude of IPB5 and IPB6 from south to north,
as illustrated in Figure 12, while other conditions remain untouched. The planning results
are compared in Figures 13–15.
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Figures 13–15 and Table 4 show that IPCB can obtain better performance in deploying
IPBs with high altitudes to positions near the airspace center (layout 3) than to positions
near airspace borders (Layout 1 and Layout 5).

Table 4. Simulation results of IPCBs with different initial horizontal layouts.

Initial Horizontal Layout Average GDOP

Layout 1 10.88
Layout 2 9.53
Layout 3 7.32
Layout 4 10.83
Layout 5 22.14
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Furthermore, Figure 15 shows that IPCBs with Layout 1 and Layout 5 have approx-
imate initial GDOPs. However, their performance displays a different tendency as time
goes on. A similar case occurs in IPCBs with Layout 2 and Layout 4. Data in Table 5 also
shows that Layout 1 performs better than Layout 5, and Layout 2 performs better than
Layout 4. These phenomena may be derived from the winds used in the simulations. In the
feasible flight altitude range (21~24 km), the meridional winds are all southerly, leading to
all the IPBs moving northward. So, IPCBs with low initial latitudes perform better than
IPCBs with high initial latitudes. It is especially obvious in Layout 5, in which IPB5 and
IPB6 fly out of the approved airspace quickly due to the short distance between their initial
positions and the north border of the airspace.
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In winds with quasi-zero wind layers, the direction reversion rule of zonal wind can
be employed to improve IPCB geometry configuration. In contrast, no proper rule of
meridional wind can be employed. To achieve good performance throughout the whole
service duration, the wind is suggested to be treated as a notable factor in the initial
horizontal layout design of IPCB.
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Table 5. Coefficients used to fit wind without quasi-zero wind layer.

Symbol Physical Meaning Value

cm meridional wind coefficients

−0.5066, 4.3171,
−14.6477, 27.7923,
−36.4969, 32.8921,
−13.9287, −0.2023

cz zonal wind coefficients

−40.2337, 321.8428,
−1018.3275, 1597.1910,
−1263.8719, 461.2160,
−94.6881, 40.2845

7.5. Discussion about IPCBs in Winds with/without Quasi-Zero Wind Layer

From previous discussions, it can be seen that the quasi-zero wind layer plays an
important role in IPCB geometry configuration. However, the quasi-zero wind layer does
not always exist. In this section, wind without a quasi-zero wind layer is used to implement
the planning. The wind coefficients used in this section are listed in Table 5. The comparison
of wind in this section and wind in Section 7.2 is illustrated in Figure 16. The planning
result is shown in Figures 17–19.
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From Figures 17–19, it can be seen that in winds without a quasi-zero wind layer,
zonal trajectory direction reversion does not occur since wind direction reversion does not
occur. In addition, the wind velocity is bigger than the wind velocity in Section 7.2, so some
IPBs fly out of the approved airspace in a short time, such as IPB2 and IPB3 in Figure 18.
This leads to a decrease in the number of available IPBs in the IPCB and deterioration in
the IPCB geometry configuration. In order to lengthen IPBs’ flight time in the approved
airspace, the planning algorithm tends to adjust IPBs’ flight altitude to 23~24 km, where
wind velocity is small, as IPB1, IPB 4, IPB 5, and IPB6 in Figure 17 illustrate.

By comparing planning results in this section with results in Section 7.2, it can be seen
that the results in winds with quasi-zero wind layers are significantly better than those in
winds without quasi-zero wind layers. It indicates the significance of the quasi-zero wind
layer in improving IPCB geometry performance.

To improve IPCB performance in winds without quasi-zero wind layers, measures
such as altering the initial layout, increasing the initial number of IPBs, or supplementing
IPBs dynamically can be taken.

Since IPCB achieves its flight mainly by buoyancy and winds, it is sensitive to its
running environment. Environment fluctuations or different environment models may
bring different results, which can be analyzed in detail in the future.

7.6. Discussion about Uncertain Environment

The simulations above are based on the assumption of a deterministic environment
in which wind velocities and atmospheric density are steady. However, uncertain and
unknown factors exist in the IPCB running environment.

Conway has investigated horizontal velocity in the midlatitude stratosphere using the
observation data of Project Loon and has found the existence of horizontal wind velocity
perturbations [61]. Wolf has proposed a model for modeling uncertain winds, which
employed a Von Mises distribution to simulate the direction of uncertain wind and a
Gaussian distribution to simulate the magnitude of uncertain wind [39]. However, in
general, direct observations of winds in the stratosphere are sparse, so a precise model of
stratospheric wind is very challenging.

Since this paper focuses on the problem of IPCB geometry configuration, we will not
discuss the environment model in detail.

An uncertain environment may degrade the effect of the proposed algorithm because
the uncertainty may make IPBs’ trajectories deviate from expectation, and as a result, the
geometry configuration of IPCB cannot reach the ideal state.

To improve robustness, data filters or environment prediction models can be devel-
oped. When perceiving uncertain factors, data filters and prediction models can help to
filter out data errors and keep real environment changes. The IPCB can update the environ-
ment model and implement the planning algorithm with the new environment model.

8. Conclusions

IPCBs are a novel pseudolite application with many advantages and unique features.
Compared with traditional ground-based pseudolites and other air-based pseudolites, IPCB
uses high-altitude balloons to achieve higher altitudes and wider coverage. Compared with
pseudolites based on powered platforms, IPCBs can save energy costs greatly by utilizing
buoyancy and wind. When bringing advantages to applications, these features also bring
great challenges to IPCB geometry configuration.

This paper proposes an IPCB geometry configuration planning algorithm that consid-
ers the unique features of the IPCB and implements simulations to verify the effectiveness
of the proposed algorithm. Furthermore, this paper implements simulations with some
typical IPCB geometry configurations and compares their performances.

Simulations show that, in the vertical direction, it can achieve better performance
to deploy IPCBs at the altitude of the local quasi-zero wind layer; if the expected service
duration is short, IPCBs can be deployed at higher altitudes, and if the expected service
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duration is long, IPCBs can be deployed at the altitude of local quasi-zero wind layer. In
the horizontal direction, the direction of local wind should be treated as an important factor
in designing the initial constellation geometry configuration. A quasi-zero wind layer is
helpful in improving IPCB geometry performance.

In the future, attention can be paid to approaches to enhance robust algorithms
and enhance tolerance to different environment models. Improvements in algorithm
performance are also desired to realize real-time control.
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