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Abstract. In post-disaster relief, how to design an efficient emergency
communication system (ECS) to provide emergency communication ser-
vice and improve channel access probability still remains a challenge. In
this paper, we use Thomas cluster process (TCP) to model the locations
of ground terminals (GT) and propose a new scheme to maximize chan-
nel access probability. The proposed emergency communication infras-
tructure includes a hovering helicopter and a Unmanned Aerial Vehicle
(UAV) to provide communication service for GTs. Different from the
existed work, an adaptive speed cruise model is proposed for the UAV
depending on distribution density of GTs. Then, an efficient dynamic
channel resource schedule method is proposed for system with limited
channel resource. The channel access probability is formed as non con-
vex optimization problem. The original non-convex optimization problem
is transferred into a convex problem by analyzing objective function. An
interior-point method is adopted to solve this problem. Extensive simula-
tions are performed to evaluate the model by optimizing the UAV speed
in different regions. The results show that the proposed new scheme out-
performs the one with constant cruise speed for UAV and static schedul-
ing for channel resource allocation.

Keywords: Channel access probability · UAV · Ground terminal
distribution density · TCP · Adaptive speed cruise · Resource schedule

1 Introduction

In order to quickly establish an efficient and reliable ECS, UAV has been used to
assist emergency communication in [1]. The three typical cases of UAV-assisted
wireless communication, including aerial base station (BS), relay [2] and infor-
mation dissemination and data collection [3], are discussed in [4]. Researchers
have done a lot of works based on these three application scenarios.
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In [5], authors are the first to propose a novel 3-D UAV-BS placement to max-
imize the number of covered users with different quality-of-service (QoS) require-
ments. They modeled the placement problem as a multiple circles placement
problem and a low-complexity maximal weighted area algorithm was also pro-
posed. In [6], authors adopted an air-to-ground (A2G) channel model that incor-
porated line-of-sight (LoS) and non-line-of-sight (NLoS) propagation. Channels
experienced Rayleigh and Nakagami-m fading in the UAV-BSs network, respec-
tively. The variation trend of average achievable rate with UAV distribution
density was also analyzed and the results revealed that the coverage probability
and average achievable rate decreased as the height of the UAV-BSs increased.
In [7], an aerial network formed by multiple UAVs for assisting data relaying in
disaster recovery was studied. The coverage probability of down-link user was
analyzed and the optimal altitude of UAVs was achieved to maximize the capac-
ity of ground network. However, the recent researches focus on the single factors.
The model that considers both channel state and assignment is seldom studied.

In [8], an UAV was deployed to provide the fly wireless communication in
a given geographical area. The system average coverage probability and sum-
rate were analyzed when UAV was static and mobile, respectively. By using the
disk covering problem and minimizing the number of stop points that the UAV
needed to visit in order to completely cover the area, the minimum outage prob-
ability was obtained. In addition, in order to provide full coverage for the area
of interest, the tradeoff between coverage and delay was discussed. In [9], Zhang
et al. proposed a novel scenario that the service area was divided into two parts
and covered by two UAVs, respectively. The difference from previous research
is that authors took the channel access delay for establishing a full transmis-
sion between the vehicle and UAV into account. The coverage probability and
achievable rate of a random vehicle located in the served area were derived by
geometric analysis. Through changing related parameters, the optimal setting
for the maximum coverage probability and achievable rate was obtained.

There are some problems need to be further optimized. First, the impact lev-
els in the whole post-disaster area maybe different. More severely affected areas
could become hotspots and a TCP is more suitable to model the locations of
GTs rather than a Poisson point process (PPP). Second, UAV speed should be
adjusted when it cruises the served area. According to the GT distribution den-
sities of different regions, UAV should dynamic adjust its speed to increase the
successfully access probability of each GT. Finally, a dynamic channel resource
schedule should be made to further improve channel access. Different GT dis-
tribution densities require a flexible channel schedule constantly between aerial
base stations. Above all, the contributions of this paper are listed as follows.

– First, in post-disaster area, a more suitable TCP rather than PPP is used
to model the locations of GTs and each cluster has different GT distribu-
tion density. We propose an UAV adaptive speed cruise model based on GT
distribution density.
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Fig. 1. Illustration of system model. Fig. 2. Illustration of cruise model.

– Second, combining with channel state, we discuss the system channel access
probability based on the channel resource availability. An efficient channel
schedule method is proposed to alleviate resource competition.

– Finally, through transferring objective function and making mathematical
approximations, the original non-convex problem is transformed into con-
vex problem. The simulation results show the proposed new scheme achieves
maximum channel access probability compared with the constant UAV cruise
speed and static channel resource schedule.

2 System Model

2.1 Network Structure and GT Distribution

In order to quickly establish a local ECS, a hover flying helicopter (HFH) and an
UAV are deployed to cover the worst heavily hit area and others, respectively. As
shown in Fig. 1, according to the affected area and coverage of HFH and UAV,
a local ECS is established to serve a circular post-disaster area with radius
Rs. HFH’s coverage is a circular area with radius R1. The cruise flying UAV
circles around HFH and its coverage is also a circle with radius R2. By adjusting
aircrafts’ transmission powers or flight altitudes, the coverage of HFH and UAV
is neither overlap nor gap. In order to ensure that GTs located on the edge of
served area can be also covered, Rs − (R1 + 2R2) ≥ o, where 0 ≤ o � R2.
Compared with center area, the other regions are less heavily hit. An UAV can
be deployed quickly and efficiently scan those area to provide communication
service for GTs. HFH and UAV can also communicate by H2U(U2H) link to
exchange messages, such as adjusting both sides’ coverage, and connect to the
outside world through themselves or another one.

There would be many GTs in the ground of disaster area and all GTs are
equipped with battery powered transceivers. These GTs mainly include emer-
gency rescue vehicles, communication equipments of search and rescue personnel,
phones of trapped person, sensors for environmental monitoring and so on. In
general, densely populated areas, such as schools, hospitals, dwelling districts and
so on, are more likely to be hotspots and need more emergency service after the
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impact of disaster. Thus, Poisson cluster process (PCP) [10] is more suitable to
describe the location distribution of those hotspots and GTs. Based on the above
analysis, the locations of hotspots are modeled by an independent PPP of den-
sity λhs > 0. And the locations of all GTs who are scattered around hotspots are
modeled by a TCP. Unlike cellular network whose service areas are overlapping
and complex, we assume these clusters are scattered and do not overlap. Thus,
the probability density function (PDF) of TCP based scattered UEs around

hotspot l with random distance vector Z, fZ(z) =
1

2πσ2
t,l

exp(− z2

2σ2
t,l

), z ∈ R
2,

where σt,l is the variance of cluster l formed by TCP. The distance from a GT
to the center of cluster l is denoted as D. Then the distribution of D can be

expressed as FD(x) = exp(− x2

2σ2
t,l

), x ≥ 0.

In our model, the impact level is different among the whole post-disaster
area and the area covered by HFH is the worst heavily hit one. Therefore, the
GTs densities among disaster area are also different. In Fig. 2, the disaster area
covered by UAV is divided into I sector rings according to the clusters’ locations.
The beginning and ending bounds of sector ring are defined as the locations when
UAV coves a cluster for the first time until it coves another. Incipient GT is the
first one to be served in the cluster that UAV is going to serve. The average
number of GTs in cluster i is Ni, where i = 1, ..., I and N0 for the HFH served
cluster. We denote ζi(radian) as the central angle of sector ring i. In addition,
considering the geometry, ζi satisfies

∑I
i=1 ζi = 2π.

2.2 Channel Model

In this paper, we consider the Air-to-Ground channel which is dominated by
Light-of-Sight (LoS) [11] links and the random access mechanism in MAC layer is
adopted, such as IEEE 802.11 distributed coordination function protocol. When
the HFH and UAV implement communication coverage, the SNR of ground ter-
minal (GT) receiver must be greater than a threshold. Therefore, We use gj(r, β)
[12] to represent the channel power gain of the communication link between the

GT and HFH or UAV, gj(r, β) =
β · β0

H2
j + r2

, where β is the small scale fading

in a certain distribution which subjects to Gamma distribution, β0 denotes the
channel power at the reference distance 1 m, Hj is the flying height of HFH or
UAV (j = 1, 2, for the HFH and UAV, respectively). And r is the distance from
GT to the horizontal projection point of the HFH or UAV. The channels in our
model used are orthogonal. By this way, interference between channels is not
considered. Thus, when implementing communication coverage, the SNR of the
GT receiver must be greater than a threshold

SNRj(β, r) =
Wj · gj(r, β)

σ2
≥ γ0, (1)

where Wj is transmission power of aircraft j, σ2 is the noise power of receiver,
γ0 is the SNR threshold.
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2.3 Cruise Model

In our cruise model, the HFH hovers at a height H1 above the central axis of
the circular disaster zone. When UAV serves cluster i, it will adjust its speed to
improve its quality of service. When UAV finishes its service for current cluster,
it will maintain this speed v(i) until it serves another cluster. With reference to
the literature [13], we introduce the channel access delay t0(seconds) which indi-
cates the minimum time for establishing a complete communication link with the
UAV is t0. Based on this assumption, within the time t0, an overlapping area will
appear as shown in Fig. 2. Only GTs in this overlapping area can establish com-
plete communication links with the UAV. Since the UAV is fixed-wing, according
to aerodynamics, it needs a certain speed to maintain it aloft, we denote by Vmin

and Vmax the minimum and maximum speed of it, respectively. ϕ(i) denotes the
central angle of sector formed when UAV flies along the trajectory within time
t0. According to stochastic geometry analysis, the relation between ϕ(i) and v(i)

is ϕ(i) =
v(i) · t0

R12
, and v(i) ≤ V a

max, where R12 = R1 + R2. When the coverage

area of UAV in time t is tangent to that in time t + t0, V a
max can be expressed

as V a
max = min(Vmax,

2R12

t0
sin−1(

R2

R12
)).

3 Problem Formulation and Analysis

3.1 Channel SNR Threshold Probability

Considering the channel state information (CSI), we introduce a SNR threshold
probability PT,j which is defined as the probability that a random GT satisfies
the SNR condition when it picks up the detection signal sent by its corresponding
aircraft j. The detail expression is

PT,j = Er

[

P(
Wj · gj(r, β)

σ2
≥ γ0)|r

]

. (2)

In order to obtain the specific expression of PT,j , we need to figure out the
probability density function (PDF) of r.

First, it is necessary to calculate the area S(i) of overlapping region when
UAV flies over the sector ring i. As mentioned above, we assume o � R2 to ensure
GTs located on the edge of disaster area can be also covered. For simplicity of
calculation, we assume Rs ≈ R1 + 2R2 when o is very small. Thus, according to
geometry, S(i) can be approximated by

S(i) ≈ 2R2
2 cos−1

⎛

⎜
⎝

R12 · sin
ϕ(i)
2

R2

⎞

⎟
⎠ − 2R12 sin

ϕ(i)
2

√

R2
2 − R2

12 sin2 ϕ(i)
2

. (3)

Based on reference [9], under the coverage of HFH, fd1(r) denotes the PDF of r.
It can be easily derived as fd1(r) = 2r/R2

1 and the upper bound of r is R1. Under
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the coverage of UAV, there are two geometric cases. By drawing the circle with
radius r whose center is midpoint of the UAV trajectory during t0, we denote

by f i
d2

(r) the PDF of r, f i
d2

(r) = 2πr/S(i) and 0 ≤ r ≤ R2 − R12 sin
ϕ(i)
2

.
In our proposed channel model, the total bandwidth B is divided into M

orthogonal channels. By this way, interference between channels is not con-
sidered. In the case of small-scale fading, we choose Nakagami-m distribution.
And its shape parameter s determines what distribution the channel obeys.
According to the literature [13], the channel fading power gain β is subject to

Gamma distribution and its PDF can be expressed as fg(β) =
ssβs−1

Γ (s)
e−sβ ,

where Γ (s) =
∫ ∞
0

xs−1e−xdx. s =
N2 + 2N + 1

2N + 1
and N is a constant.

3.2 Channel Schedule and Cruise Efficiency

In terms of channel schedule, we assume there are M orthogonal channels that
do not interfere with each other. ηi denotes the percentage of channels obtained
by HFH when the UAV flies over the sector ring i. So, it is 1−ηi for the UAV and
the total channel number obtained by HFH and UAV are ηi ·M and (1−ηi) ·M ,
respectively. ηi is changeable when UAV flies over different areas because of the
different GT distribution density.

We denote λi as the GT density of cluster i covered by UAV and λ0 for
center cluster covered by HFH, respectively. Considering the communication
access threshold t0, only GTs in the overlapping area covered by UAV and the
area covered by HFH can communicate with the corresponding aircraft.

Lemma 1. When FD(x∗) ≤ �, we assume all GTs clustered around its corre-
sponding hotspot are located in the circle of radius x∗.

Proof. In theory, GTs located in the cluster formed by TCP could appear any-
where away from center hotspot. And the only matter is the smaller and smaller
probability when GT is gradually far away from hotspots. And this probability
would approach to 0 when the distance is far enough. In practice, this limiting
case is not going to happen. For example, in order to guarantee his normal work,
a rescuer with communication equipment will not be too far from the hotspot.
Then, emergency communication services is a kind of opportunistic access and
we can not guarantee 100% completely coverage for all GTs. When FD(x∗) ≤ �,
this error is within our acceptable range and x∗ is the farthest distance from GT
to its cluster center.

According to the average number of GTs of each cluster, the GT density of

cluster i covered by UAV can be given by λi =
Ni

π · x2
i

, i = 1, · · ·, I. Consider-

ing GTs covered by HFH can establish uninterrupted communication links with
HFH, there is not necessary to analysis the GT density in this cluster. Thus,
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when UAV serves cluster i, the detailed expression of ηi is presented as follow-

ing formula ηi =
N0

S(i) · λi + N0
. By dynamically adjusting ηi, it can effectively

alleviate the channel resource competition between HFH and UAV when UAV
serves different clusters.

As mentioned in the above section, it is necessary to consider the cruise
efficiency of UAV. We denote by Ti the time that the UAV flies past the sector
ring i at the speed v(i) and the time constraint for the whole system is given

as
∑I

i=1 Ti ≤ Tc, where Ti =
ζ(i) · R12

v(i)
and Tc is a constant that denotes the

duration of cruise cycle.

3.3 Maximum Channel Access Probability

When UAV serves cluster i, we denote by PU (i) the probability that a typical
GT located in the cluster i can successfully connect to the UAV, and by PH(i)
the probability that to the HFH. Thus, when UAV serves cluster i, the channel
access probability is

P (i) =
I∑

κ=1

[
PT,1 · PH(i) + PT,2(i) · PU (i)

] · δ(κ − i). (4)

τH(i) and τU (i) are used to represent the probability that a GT covered by
HFH or UAV when UAV flies over the sector ring i, respectively. And they can
be expressed as following formulas

τH(i) =
2πR2

1

2πR2
1 + ζ(i)(R2

s − R2
1)

, τU (i) =
2S(i)

2πR2
1 + ζ(i)(R2

s − R2
1)

. (5)

In practice, because of limited channel resource, there will be competition
for it. Assuming the number of channels is less than or equal to the number
of GTs. And GTs in different cluster, even in the same one, will also fiercely
compete for limited channel resource. Based on the above analysis, therefore,
we define two variables denoted by CH(i) and CU (i) whose meanings are the
number of channel per GT located in the clusters covered by the HFH and UAV,
respectively. And the detailed expressions are presented as

CH(i) =
ηiM

N0
, CU (i) =

(1 − ηi)M
λi · S(i)

. (6)
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When UAV flies past sector ring i and then serves cluster i, the channel
access probability P (i) can be rewritten as

P (i) =
I∑

κ=1

[
PT,1 · PH(i) + PT,2(i) · PU (i)

] · δ(κ − i)

=
I∑

κ=1

[

PT,1 · τH(i) · CH(i)

+ PT,2(i) · τU (i) · CU (i)
]

· δ(κ − i).

(7)

Thus, when the UAV completes a cruise cycle, the system average channel

access probability P is given as P =
1
I

∑I
i=1 P (i).

Now, our objective function can be expressed as

P1 : max
v(i)

P

s.t. (18), (8a)
Vmin ≤ v(i) ≤ V a

max. (8b)

3.4 Problem Analysis

It is obvious that the first and second term of P (i) are both related to v(i). First,
we consider the first term of P (i). Because the numerator of the first term is a
constant which is not related with v(i), therefore, the first term can be simplified

as Υ1(i) =
1

S(i) · λi + N0

Lemma 2. There exists a unique v∗(i) to make Υ1(i) convex when v(i) ≤ v∗(i).

Proof. First, taking ϕ(i) as our variable to obtain the first-order and second-
order derivatives of Υ1(i) which are expressed in following formulas

Υ
′
1(i) =

−λiS
′
(i)

(λiS(i) + N0)2
, Υ

′′
1 (i) =

λi [λiS(i) + N0] · L1(ϕ(i))
(λiS(i) + N0)4

(9a)

where L1(ϕ(i)) = 2λi

[
S

′
(i)

]2
− S

′′
(i) [λiS(i) + N0] . It’s easy to prove that

L1(ϕ(i)) is a monotonous non-increasing function and L1(0) > 0, L1(π) < 0. In
fact, ϕ(i) is much less than π. According to the monotony of the function, we
can conclude that there is bound to be a speed v∗(i) to make L1 = 0. And v∗(i)
can be found by binary search algorithm. When v(i) ≤ v∗(i), the L1 ≥ 0, so as
Υ

′′
1 (i). Therefore, Υ1(i) is convex.

Now, we consider the second term of P (i) and rewrite the variables related

with v(i) as Υ2(i) =
Q(ϕ(i))

S(i) · λi + N0
, where the details of Q(ϕ(i)) can be seen

from following proof.
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Algorithm 1. Interior point method solution for P1
Input: ζ(i): The central Angle of sector i; t: step length; μ: scale factor; ε1, ε2: error

thresholds; β1:backtracking line search parameter
Output: optimal V
1: initial r(0) = 1, m = 0, V (0)

2: repeat
3: repeat
4: calculate Newton step path �Vnt and decrement �2

�Vnt = −∇2χ2(V
(m), r(m))−1∇χ2(V

(m), r(m));
5: �2 = ∇χ2(V

(m), r(m))T∇2χ2(V
(m), r(m))−1 · ∇χ2(V

(m), r(m));
6: update step length: t = t · β1
7: update V (m+1) = V (m) + t · �Vnt

8: update V = V (m+1)

9: until �2 ≤ ε2
10: r(m+1) = μ · r(m)

11: until ||V (m+1) − V (m)|| < ε1
12: return V

Lemma 3. Combining lemma 1, the Υ2(i) is also convex when
β0W2

σ2
≥ 2R2

2 ·γ0.
Proof. Taking ϕ(i) as our variable to obtain the second-order derivative of Υ2(i)

and we can get Υ
′′
2 (i) =

L2(ϕ(i))
[λiS(i) + N0]

3 , where

L2(ϕ(i)) =
[
Q

′′
(ϕ(i))(λiS(i) + N0) − λiQ(ϕ(i))S

′
(i)

]

× (λiS(i) + N0) − 2λi(λiS(i) + N0) · S(i)

×
[
Q

′
(ϕ(i))(λiS(i) + N0) − λiQ(ϕ(i))S

′
(i)

]
,

(10)

and Q(ϕ(i)) = 1−e
−

γ0 · σ2

β0W2
(R2−R12 sin

ϕ(i)
2

)2

. When
β0W2

σ2
≥ 2R2

2 ·γ0, Q(ϕ(i)) ≤
0.

Now, we define two auxiliary functions to make further analysis of the two
terms of L2(ϕ(i))

h2 = −λiQ(ϕ(i))S
′
(i) · [λiS(i) + N0] , (11a)

h3 = 2λiS
′
(i)Q

′
(ϕ(i)) · [λiS(i) + N0] .

It is obviously that h2 and h3 are both greater than 0. By scaling, Q
′
(ϕ(i)) <

γ0 · σ2

W2
· (R2 − R12 sin

ϕ(i)
2

). In addition, combining the physical significance

of
γ0 · σ2

β0W2
that it is a very small number. So, Q(ϕ(i)) can be approximated to

γ0 · σ2

β0W2
·(R2−R12 sin

ϕ(i)
2

)2 by Taylor formula. Then, h2 > h3 is easy to conclude.

Therefore, L2(ϕ(i)) > 0 and Υ2(i) is convex.
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Based on the above analysis, the first and second term of P (i) are both
convex. According to convex optimization theory, it is easy to confirm that P (i)
is also convex. Next, the interior point method and Newton method are used
to solve the problem and obtain the optimal solution. χ2(V, r(m)) denotes the
penalty function of problem P1 and the details are presented in Algorithm 1.

4 Simulation

4.1 Parameters Settings

Setting the flight height of HFH and UAV as 100 m and 200 m. The cover-
ing radius R1 and R2 are set as 450 m, 350 m, respectively. The whole disaster
area is divided into 5 subregions which means I = 5. And the corresponding
central angles are [π/2, π/3, π/3, π/3, π/2] (radian). The variances σt,1 ∼ σt,5

are set as 65, and 85 for the center cluster covered by HFH, respectively. The
average numbers of GTs for cluster 1–5 are set as 11, 13, 11, 15, 13, and 44
for center one, respectively. t0 is set as 1s and Vmax and Vmin are 80 m/s,
3 m/s. b = 5Hz and other constants, such as μ, �, β1, σt,0,σt,I

, ε1, ε2 are set as
0.1, 10−6, 0.8, 85, 65, 10−6, 10−6, respectively.

4.2 Results Analysis

It can be seen from Fig. 3 that i): the maximum of v(i) is more than 40 m/s and
this increase of speed will be cut in other subregions. ii): the speeds of subregions
whose center angles are identical are also tend to be different. In general, the
UAV speed will increase with the increase of λi. For the first problem, we notice
that UAV need to slow down in several subregions to improve channel access
probability and speed up in other areas to satisfy the limitation of cruise cycle.
Because of the larger center angles of subregion 1 and 5, speeding up in these two
subregions will generate more benefit. Aimed to illustrate the second problem,
we should review our objective function from global perspective to realize the
fact that channel access probability will increase with the decrease of v(i). First,
greater λi means more GTs, which will lead to fiercer channel competition.
Acceleration will reduce the amount of GTs served in each t0. Thus, channel
competition will be alleviated and the QoS is improved, so as channel access
probability. Second, system will adjust the UAV speed of each subregion to
achieve maximum channel access probability.

In Fig. 4, there are four maximum channel access probabilities under different
conditions: constant speed and η which are adopted in [9], optimized η, optimized
UAV speeds, optimized UAV speeds and η. First, when only the UAV speeds are
optimized, the increment of channel access probability is 3.4% compared with [9].
Second, optimizing UAV speeds achieves 0.2% improvement when η is already
optimized. The reason for this problem is that the UAV speed we used for non-
optimized case is close to the optimal speed. Then, these two cases all achieve
suitable channel schedule. Thus, the difference between these two increments is
not vary distinct. Third, compared with constant channel schedule, the channel
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Fig. 3. The speeds of subregions under
different error thresholds ε

Fig. 4. The channel access probabil-
ity under different optimization condi-
tions.

access probability is distinctly improved by optimizing η. Fourth, when cruise
cycle Tc increases, the channel access probability will increase correspondingly.
It’s easy to illustrate that UAV will have more time to establish more full commu-
nication links when Tc increases. Overall, all those channel access probabilities
are less than the probability we can get at the V ∗ and η∗.

5 Conclusion

In this paper, we propose an adaptive UAV speed cruise model to provide com-
munication service in post-disaster relief. TCP is introduced to model the loca-
tion distribution of GTs, which is more suitable than PPP. By taking the channel
state into account, we discussed the maximum channel access probability of the
system under the condition of limited channel resources. And a flexible channel
schedule was proposed to improve channel access probability. Simulation results
show that channel access probability can be improved by adopting a dynamic
channel schedule and optimizing the UAV speed of each subregion. Moreover,
compared with constant UAV speed or channel schedule, the simulation results
reveal that the proposed method performances well in coverage probability and
achievable rate. In our future work, we will focus on dynamic adjustment of
UAV flight height and further study the collaborative relay of multiple UAVs to
improve the quality and efficiency of emergency communication system.
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