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Abstract16

In remote environmental monitoring Internet of Things (IoT) deployments,17

UAV-ground direct links frequently experience hard blockage, whereas satellite18

relay transmission requires higher power. Therefore, an effective link-switching19

mechanism is needed to balance communication reliability and UAV energy con-20

sumption. To address these challenges, an integrated satellite-aerial IoT system is21

considered for remote environmental monitoring. Sensor data are aggregated by22

an unmanned aerial vehicle (UAV) and transmitted through either a short-range23

direct link with Rician fading or a two-hop satellite relay path with Shadowed-24

Rician fading. Specifically, a new link switching scheme is proposed. The ground25

terminal uses the low-power direct link by default and activates the satellite relay26

only upon hard blockage or when the signal-to-noise ratio falls below a switching27

threshold. Based on the proposed scheme, outage probability, ergodic capacity,28
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and average bit error rate are derived in closed-form for the considered system.29

Numerical results verify that the shadowing parameter, blockage probability,30

and the proposed switching strategy significantly affect the overall system per-31

formance. The proposed strategy yields 87%–99% outage reduction across three32

monitoring scenarios, and the relay activation frequency is primarily governed33

by the blockage probability rather than shadowing conditions.34

Keywords: Integrated satellite-aerial IoT network, link switching scheme,35

optimization method, performance analysis36

1 Introduction37

It is well known that satellites can provide wide-area coverage within their service38

footprints. This inherent characteristic makes satellite communications (SatComs)39

particularly attractive in remote areas, where wired or wireless terrestrial networks are40

difficult or impractical to deploy [1, 2]. In addition to fixed satellite services, SatCom41

also supports mobile satellite services. Many land mobile SatCom systems, such as42

Inmarsat, Globalstar, and Iridium, have already operated in L or S bands to provide43

various services, such as voice, data, and image communications for users all over the44

world. Furthermore, in critical or emergency situations where terrestrial communica-45

tion infrastructure is damaged or unavailable, satellite systems can provide reliable46

communication connectivity [1].47

With the rapid development of unmanned aerial vehicle (UAV) technology, UAVs48

have become useful aerial sensing platforms for environmental monitoring [3]. They49

benefit from flexible deployment, hovering observation capability, and high-resolution50

imaging. Integrating UAVs into satellite Internet of Things (IoT) enables wide-area51

backhaul of aerial inspection data, thereby constructing an integrated air-space-ground52

monitoring system. However, the two available transmission modes exhibit comple-53

mentary but distinct characteristics. The short-range UAV-to-ground direct link can54

provide favorable communication performance under LoS conditions. Vegetation can55

introduce additional penetration loss in UAV-to-ground communications [4]. In this56
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paper, severe terrain or vegetation obstruction is modeled as a hard-blockage event. In57

contrast, the satellite relay link provides extensive coverage independent of terrestrial58

infrastructure, while it is constrained by shadow fading and propagation losses, result-59

ing in lower reliability and higher required transmit power compared with the direct60

link. Consequently, how to efficiently exploit the complementary characteristics of61

these two heterogeneous links constitutes a critical open research issue for UAV-based62

environmental monitoring systems supported by satellite-IoT.63

1.1 Background and Motivation64

Despite its many advantages, SatCom is more challenging than terrestrial communi-65

cation, mainly due to the complexity of satellite channels. For land mobile SatComs,66

random shadowing over satellite-terrestrial links is commonly characterized by the67

Shadowed-Rician (SR) distribution [5]. This model incorporates Rician-dominated68

LoS components, whose amplitude fluctuations are modeled by the Nakagami-m dis-69

tribution. The SR model has been shown to provide a mathematically tractable70

representation consistent with measured land-mobile satellite channel statistics [5].71

Based on the SR channel model, the performance of mobile SatCom systems has72

been analytically studied in [6–8]. However, these works do not consider the coexis-73

tence of heterogeneous direct and satellite-relay links with link switching. In practical74

scenarios, obstacles and shadowing often degrade satellite-ground line-of-sight (LoS)75

connectivity. Related hybrid satellite-terrestrial relay architectures have been inves-76

tigated under different network topologies and channel models [9–11]. For example,77

[9] considers a maritime IoT architecture involving LEO satellites and UAVs, [10]78

studies LEO–HAPS–BS relaying, and [11] analyzes overlay spectrum sharing with79

secondary-network selection in a hybrid satellite-terrestrial system.80

In practice, the satellite is often used as a space relay node, which assists sig-81

nal transmission between the source earth station and the destination. For example,82
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by assuming that both the uplink and downlink experience SR fading, Bhatnagar83

[6] analyzed the performance of a dual-hop decode-and-forward (DF) satellite relay84

system. More recently, satellite relay systems have been investigated from different85

performance and energy-related perspectives. Bhatnagar [6] analyzed the BER, out-86

age probability, and diversity performance of dual-hop DF satellite relaying, while87

[12] investigated outage and throughput performance in a battery-aided SWIPT88

space-air-ground integrated network.89

The emergence of UAVs brings new possibilities for remote monitoring applica-90

tions. Under LoS-dominant conditions, UAV-to-ground short-range links are com-91

monly modeled using Rician fading [3, 13]. Although such direct links can achieve92

high data rates under favorable propagation conditions, they remain vulnerable to93

hard blockage caused by terrain occlusion and vegetation shielding. In this context,94

recent advances have promoted the development of integrated satellite-aerial IoT net-95

works, where UAVs serve as aerial nodes cooperate with satellite connectivity to96

support wide-area IoT services [14, 15]. Related studies have investigated NOMA-97

based satellite-UAV networking [16], RIS-assisted wireless transmission [17], spectrum98

sharing and relay selection in hybrid satellite-terrestrial networks [18], and UAV tra-99

jectory optimization in satellite-UAV IoT systems [19]. Although fruitful results have100

been achieved, these studies address transmission and optimization mechanisms dif-101

ferent from the direct-link-priority primary-backup architecture considered in this102

work.103

Link and relay selection mechanisms have been investigated in hybrid satellite-104

terrestrial networks [11, 20]. These studies consider network architectures and selection105

objectives different from the direct-link-priority primary-backup scheme adopted106

here. In this work, hard blockage of the UAV-ground direct link is explicitly107

incorporated into the switching rule. This factor is particularly critical for remote108

environmental-monitoring scenarios, where terrain occlusion and vegetation shielding109
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often break LoS connectivity. Furthermore, few prior works combine the integrated110

satellite-aerial IoT network architecture with link-switching optimization. In partic-111

ular, few existing frameworks are customized for remote environmental-monitoring112

deployments, where shadowing severity and blockage probability vary drastically113

across different field scenarios.114

To the best of our knowledge, limited prior work has jointly considered hard block-115

age and shadow fading in UAV-based satellite-aerial IoT systems with primary-backup116

link switching over heterogeneous Rician/SR channels.117

1.2 Our Contributions118

Motivated by the aforementioned observations, this paper investigates the perfor-119

mance of a UAV-based environmental monitoring system supported by satellite-IoT.120

An air-space-ground hybrid link model under SR heterogeneous channels is estab-121

lished, together with a primary-backup switching strategy incorporating an optimized122

threshold and power allocation. The main contributions of this work are summarized123

as follows.124

• A hybrid system model is established in an integrated satellite-aerial IoT network125

for remote environmental monitoring. Unlike existing studies of integrated satellite-126

aerial networks that evaluate only a single transmission path, the developed model127

jointly accounts for the Rician-faded direct link, the two-hop DF satellite relay link128

with SR fading, and the hard-blockage effect on the direct link. A primary-backup129

switching mechanism is enabled to adapt to practical environmental monitoring130

scenarios.131

• A primary-backup link switching scheme with joint threshold optimization and132

power allocation is proposed. Strict opposite monotonicity between system outage133

probability and average UAV transmit power with respect to the switching threshold134

is proven. This property reduces the constrained power-minimization problem into135
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a one-dimensional root-finding problem. Different from previous HSTRN research136

concentrating on ground multi-relay selection, the proposed scheme works between137

the UAV-ground direct link and the satellite relay backup. Hard blockage is explic-138

itly used as a switching trigger. The parameter region with a strictly positive optimal139

threshold is also characterized to identify the conditions under which SNR-triggered140

switching is required in addition to blockage-triggered switching.141

• Analytical expressions for outage probability, ergodic capacity and average bit error142

rate (BER) are derived for individual transmission paths as well as the proposed143

switching system. Asymptotic analysis in the high signal-to-noise ratio (SNR) regime144

is conducted to uncover the diversity order and coding gain. Monte Carlo simulations145

are conducted to verify the theoretical derivations and investigate the effects of key146

system parameters.147

The rest of this paper is organized as follows. Section 2 introduces the system148

model followed by the channel and signal formulations. Section 3 investigates the sta-149

tistical characteristics of the fading channels and derives the analytical performance150

expressions for the three transmission paths, including outage probability, ergodic151

capacity, and average BER. In Section 4, the link switching strategy and power alloca-152

tion optimization scheme are proposed. In Section 5, Monte Carlo simulation results153

are provided to validate the analytical results and to discuss the impacts of key system154

parameters. Finally, Section 6 concludes this paper.155

1.3 Notations156

fX(·) and FX(·) denote the probability density function (PDF) and cumulative distri-157

bution function (CDF) of the random variable X, respectively. γ̄ denotes the average158

SNR. I0(·) denotes the zeroth-order modified Bessel function of the first kind. 1F1(·; ·; ·)159

denotes the confluent hypergeometric function of the first kind (Kummer’s function).160

erfc(·) denotes the complementary error function. min(·, ·) and max(·, ·) denote the161
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Fig. 1 Architecture of the Space-Air-Ground Hybrid IoT System

minimum and maximum operations, respectively. E[·] denotes the expectation opera-162

tor. CN (·, ·) denotes the complex Gaussian distribution. ∥ · ∥ denotes the Euclidean163

norm of a vector.164

2 System Model and Problem Formulation165

As illustrated in Fig. 1, this paper considers a UAV-based environmental monitoring166

system assisted by satellite IoT, where a low-altitude UAV acts as the aerial sensing167

node for data backhaul. Two heterogeneous transmission paths are utilized, includ-168

ing a UAV-ground direct link and a two-hop UAV-satellite-ground DF relay link. The169

direct link provides high-rate, low-latency transmission but suffers from terrain and170

vegetation-induced hard blockage, while the satellite relay link guarantees broad cov-171

erage but is affected by shadow fading and propagation attenuation. Considering the172

stationary feature of geostationary satellites, the Doppler effect is neglected in chan-173

nel modeling. This paper incorporates the direct-link hard-blockage characteristic and174

optimizes the path-switching threshold to minimize UAV power consumption under175
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outage constraints. The satellite downlink power is fixed and not included in the UAV176

power optimization.177

2.1 Channel Modeling178

The considered hybrid air-space-ground system comprises two heterogeneous wireless179

links: the low-altitude UAV-ground direct link and the satellite two-hop relay link.180

These channels exhibit distinct fading characteristics due to different propagation181

environments. In this subsection, the statistical channel models for both transmission182

paths are formulated.183

2.1.1 Low-Altitude Direct Link: Rician Fading184

Due to the low flight altitude of the UAV, the direct UAV-ground channel is dominated185

by a strong LoS component, which can be accurately modeled using Rician fading.186

The instantaneous SNR γd of the direct link follows a Rician distribution with the187

PDF expressed as188

fγd
(γ) =

1 +Kd

γ̄d
exp

(

−Kd −
(1 +Kd)γ

γ̄d

)

I0

(

2

√

Kd(1 +Kd)γ

γ̄d

)

, γ ≥ 0, (1)

where γ̄d denotes the average SNR of the direct link, Kd is the Rician K-factor rep-189

resenting the power ratio between the LoS path and scattered multipath components,190

and I0(·) is the zeroth-order modified Bessel function of the first kind.191

2.1.2 Satellite Link: SR Fading192

Different from terrestrial direct channels, satellite propagation suffers from both mul-193

tipath fading and random shadowing caused by atmospheric occlusion and ground194

clutter. The SR model is adopted herein to characterize satellite uplink and downlink195
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channels. Let γs denote the instantaneous SNR of the satellite link. Its PDF is given by196

fγs
(x) =

1 +Ks

γ̄s

(

m

m+Ks

)m

exp

(

− (1 +Ks)x

γ̄s

)

,

× 1F1

(

m; 1;
Ks(1 +Ks)x

(m+Ks)γ̄s

)

, x ≥ 0,

(2)

where γ̄s is the average satellite-link SNR, Ks denotes the satellite Rician K-factor,197

and m represents the shadowing severity parameter. The shadowing degree increases198

with decreasing m. Particularly, the SR model degenerates to the standard Rician199

fading model when m → ∞.200

2.1.3 Equivalent SNR of Two-Hop DF Relay Link201

For the DF satellite relay transmission, the overall communication success relies on202

both the UAV-satellite uplink and satellite-ground downlink. Let γu and γv denote203

the instantaneous SNRs of the uplink and downlink, respectively. According to the204

DF protocol, the end-to-end transmission quality is determined by the weaker hop.205

Therefore, the equivalent SNR of the two-hop relay link is formulated as206

γr = min(γu, γv). (3)

Accordingly, the outage event occurs if either hop fails to satisfy the quality-of-207

service requirement. The overall outage probability of the relay path can be further208

derived based on the statistical characteristics of γu and γv.209

2.2 Signal Model210

Two transmission modes are adopted in the hybrid system. Under normal conditions,211

the UAV sends aggregated sensor data directly to the ground terminal. The received212

signal at the ground terminal is expressed as213

yd =
√

Pdhds+ nd, (4)
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where Pd denotes the transmit power of the direct link, hd is the Rician fading channel214

coefficient, s denotes the unit-power transmitted symbol satisfying E[|s|2] = 1, and nd215

represents the additive white Gaussian noise (AWGN) with variance σ2
d.216

Once hard blockage occurs or the instantaneous SNR of the direct link drops below217

the switching threshold, the UAV switches to the satellite relay path. The signal218

received by the GEO satellite through the UAV uplink is219

yu =
√

Pshus+ nu, (5)

where Ps is the UAV uplink transmit power for satellite relay. After decoding, the220

satellite re-encodes and forwards the signal to the ground terminal over the downlink:221

yv =
√

Pvhvs+ nv, (6)

where Pv is the fixed onboard satellite downlink transmit power. hu, hv are222

Shadowed-Rician channel coefficients for the uplink and downlink, respectively. nu223

and nv denote AWGN with variance σ2
u and σ2

v .224

For the DF relay protocol, successful end-to-end delivery requires correct decoding225

on both uplink and downlink hops, and any hop failure leads to relay transmission226

outage. Note that the ground terminal does not perform signal combining. Only one227

path is activated at a time following the switching strategy presented in Section 4.228

Perfect channel state information (CSI) is assumed available at the ground terminal229

for link-switching decisions, which is a widely used assumption in related literature. In230

addition, the sensor-to-UAV data acquisition link is assumed to be fully reliable and231

is beyond the scope of this work.232

3 Performance Analysis233

Based on the system model established in Section 2, this section derives the ana-234

lytical expressions for the outage probability, ergodic capacity, and average BER235
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under quadrature phase-shift keying (QPSK) modulation for the three transmission236

paths. The impact of average SNR, satellite shadowing parameter, elevation angle,237

and direct-link hard-blockage probability on system performance is also discussed.238

3.1 Statistical Characteristics of the Equivalent SNR239

3.1.1 Direct Link: Rician PDF and CDF240

The instantaneous SNR γd of the UAV-to-ground direct link follows a Rician distri-241

bution. Its PDF is provided in (1), and the corresponding CDF is derived via integral242

calculation as243

Fγd
(γ) = 1−Q1

(

√

2Kd,

√

2(1 +Kd)γ

γ̄d

)

, (7)

where Q1(·, ·) denotes the first-order Marcum Q-function. Under typical low-altitude244

UAV communication configurations with Kd = 10 dB, the LoS component dominates245

multipath scattering. The outage probability characterized by Fγd
(γsvc) decays rapidly246

as the average SNR γ̄d increases.247

3.1.2 Satellite Links: SR PDF and CDF248

For both satellite uplink and downlink hops, the instantaneous SNR γs follows the SR249

fading distribution, whose PDF is given in (2). By integrating the PDF over [0, γ], the250

CDF is expressed as251

Fγs
(γ) = 1− αs

m−1
∑

k=0

ζ(k)

γ̄k
s

k
∑

t=0

k!

t!
∆−(k+1−t)

s γte−∆sγ , (8)

where αs =
(

2bsm
2bsm+Ωs

)m

/2bs, ζ(k) =
(−1)k(1−m)kδ

k

s

(k!)2 , and ∆s = 1/(2bs)−δs
γ̄s

. Specifi-252

cally, Ωs and 2bs represent the average power of the LoS and multipath components253

of satellite channels, respectively, and δs =
Ωs

2bs(2bsm+Ωs)
.254
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The shadowing parameter m characterizes the fading severity of satellite links. A255

smaller m corresponds to more severe shadowing attenuation. In particular, the SR256

model degenerates to the standard Rician distribution as m → ∞.257

3.1.3 Two-Hop DF Relay: Equivalent SNR CDF and PDF258

For the two-hop DF relay transmission, the end-to-end quality is governed by the259

weaker hop, yielding γr = min(γu, γv). Let Fu(·) and Fv(·) denote the CDFs of the260

uplink and downlink SNRs, respectively. Similarly, fu(·) and fv(·) represent the corre-261

sponding PDFs, where both SNR sequences follow the Shadowed-Rician (SR) model262

given in (2). The CDF of γr is derived as263

Fr(γ) = 1−
(

1− Fu(γ)
)(

1− Fv(γ)
)

. (9)

Differentiating (9) yields the PDF of the equivalent relay SNR:264

fr(γ) = fu(γ)
(

1− Fv(γ)
)

+ fv(γ)
(

1− Fu(γ)
)

. (10)

The above statistical expressions provide the mathematical basis for the outage265

probability, ergodic capacity, and bit error rate analysis of the hybrid relay system in266

the subsequent sections.267

3.2 Performance of the Three Transmission Paths268

Based on the statistical characteristics derived in Section 3, this subsection provides269

analytical performance expressions for three transmission schemes, including practi-270

cal direct transmission, practical DF relay transmission, and ideal selection combining271

(SC) benchmark. The first two schemes characterize the actual hybrid transmission272

modes of the considered system, while the ideal SC scheme is introduced as a per-273

formance upper bound. Specifically, the SC strategy assumes full instantaneous CSI274

of both links and always selects the superior channel, which is impractical because of275

hardware constraints and is used only as a theoretical benchmark.276

12



3.2.1 Performance of the Direct Path277

The outage probability is defined as the probability that the instantaneous SNR falls278

below the predefined service threshold γsvc. Substituting the Rician CDF derived in279

(7), the outage probability of the direct link is written as280

Pout,d = Fγd
(γsvc) = 1−Q1

(

√

2Kd,

√

2(1 +Kd)γsvc
γ̄d

)

. (11)

The ergodic capacity and average QPSK bit error rate are obtained by averaging281

the instantaneous performance over the Rician fading distribution:282

Cd =

∫

∞

0

log2(1 + γ)fγd
(γ) dγ, (12)

283

Pb,d =

∫

∞

0

1

2
erfc (

√
γ) fγd

(γ) dγ, (13)

where fγd
(γ) denotes the Rician PDF given in (1). With Kd = 10 dB, the LoS com-284

ponent is dominant, and the performance of the direct link improves rapidly as the285

average SNR increases.286

3.2.2 Performance of the Two-Hop DF Relay Path287

For the two-hop DF relay link, the end-to-end equivalent SNR follows γr =288

min(γu, γv), whose CDF and PDF are derived in (9) and (10), respectively. Accord-289

ingly, the outage probability of the relay path is given by290

Pout,r = Fr(γsvc) = 1−
(

1− Fu(γsvc)
)(

1− Fv(γsvc)
)

. (14)

It can be observed that the relay transmission is in outage if either the uplink or291

downlink transmission fails, which is consistent with the inherent characteristics of292

the DF relay protocol.293

Considering the half-duplex constraint of practical satellite relay systems, two294

orthogonal time slots are required for one complete two-hop transmission. Therefore,295
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the ergodic capacity is expressed as296

Cr =
1

2

∫

∞

0

log2(1 + γ)fr(γ) dγ. (15)

Similarly, the average BER of the relay path is approximated by the equivalent-297

SNR approach, which treats the two-hop DF link as a single link with instantaneous298

SNR equal to the minimum of the two hops. The expression is given by299

Pb,r ≈
∫

∞

0

1

2
erfc (

√
γ) fr(γ) dγ. (16)

This approximation is widely adopted in the literature for its analytical tractability300

and becomes increasingly accurate at high SNR where the bottleneck hop dominates301

the error performance. A more precise treatment would involve the two-hop error302

propagation formula Pb,r = Pb,u + Pb,v − 2Pb,uPb,v, where Pb,u and Pb,v are the per-303

hop BERs. Owing to the bottleneck effect inherent in two-hop transmission, the relay304

path generally exhibits a higher outage probability and BER than the direct link under305

identical average SNR conditions.306

3.2.3 Performance of Ideal Selection Combining (Benchmark)307

To quantitatively evaluate the performance gain of the proposed hybrid switching308

scheme, an ideal SC benchmark is adopted. The ideal SC strategy selects the maximum309

instantaneous SNR from the two independent paths, i.e., γSC = max(γd, γr). The310

system outage occurs only when both paths are in outage simultaneously, yielding311

Pout,SC = Pout,d · Pout,r. (17)

The corresponding PDF of the maximum-combined SNR is given by312

fSC(γ) = fd(γ)Fr(γ) + fr(γ)Fd(γ). (18)
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Based on the derived PDF, the ergodic capacity and average BER of the SC313

benchmark are expressed as314

CSC =

∫

∞

0

log2(1 + γ)fSC(γ) dγ, (19)

315

Pb,SC =

∫

∞

0

1

2
erfc (

√
γ) fSC(γ) dγ. (20)

Ideal SC provides the best performance in terms of outage probability and BER,316

and therefore serves as the theoretical upper bound of the hybrid system. Nevertheless,317

it requires real-time full-CSI acquisition of both links and parallel signal reception,318

which is impractical for energy-constrained UAV IoT scenarios.319

3.3 Asymptotic Performance Analysis320

To reveal the fundamental performance limits and key parameter impacts in high-321

SNR scenarios, this subsection conducts asymptotic outage analysis for the considered322

hybrid system. The diversity order and coding gain are also analyzed to provide323

engineering insights.324

3.3.1 Asymptotic Outage Probability325

In the high-SNR regime where the average SNR approaches infinity, the system per-326

formance is governed by the low-order fading term. Accordingly, the CDFs of fading327

channels can be simplified via first-order asymptotic approximation.328

For the Rician fading-based direct link, the asymptotic CDF is given by329

F∞

γd
(γ) ≃ (1 +Kd)e

−Kd

γ̄d
γ + o

(

1

γ̄d

)

, (21)

where the factor e−Kd arises from the first-order series expansion of the modified Bessel330

function I0(·) in the Rician PDF (1) at high SNR. For Kd = 10 dB, this factor equals331

approximately 4.5×10−5, indicating that the LoS dominance significantly reduces the332

coding gain of the direct link.333
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For each SR satellite hop, the asymptotic CDF is approximated as334

F∞

γs
(γ) ≃ αs

γ̄s
γ + o

(

1

γ̄s

)

, (22)

where αs is the channel coefficient defined in (8).335

Substituting the asymptotic CDF into the outage definition, the high-SNR outage336

probability of the direct path is derived as337

P∞

out,d ≃ (1 +Kd)e
−Kd

γ̄d
γsvc. (23)

For the two-hop DF relay path, the end-to-end outage probability is determined338

by the superposition of the first-order asymptotic terms of two independent hops.339

Substituting the statistical property of γr = min(γu, γv), the asymptotic relay outage340

is expressed as341

P∞

out,r ≃
(

αu

γ̄u
+

αv

γ̄v

)

γsvc, (24)

where αu and αv denote the SR coefficients for satellite uplink and downlink,342

respectively.343

3.3.2 Diversity Order and Coding Gain Analysis344

Diversity order characterizes the decay slope of outage probability in the high-SNR345

region, which is formally defined as346

Gd = − lim
γ̄→∞

logPout(γ̄)

log γ̄
. (25)

From (23) and (24), both the direct link and the two-hop relay link achieve a347

diversity order of Gd = 1. Different from the individual paths, the ideal SC benchmark348

satisfies P∞

out,SC ∝ γ̄−2, yielding a higher diversity order of Gd = 2.349

It is noteworthy that the system parameters mainly affect the coding gain rather350

than the diversity order. Specifically, the Rician K-factor and satellite shadowing351
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parameter m jointly determine the coding gain of the individual paths. Severe shad-352

owing (smaller m) degrades the relay path reliability by reducing the coding gain,353

while the outage decay slope remains unchanged. It should be noted that the direct-354

link hard-blockage probability q does not appear in the asymptotic expressions of the355

individual paths, as it characterizes the link-switching behavior rather than the fading356

statistics. The asymptotic performance of the complete switching system, which incor-357

porates the effect of q, is governed by the switching threshold γ∗

th and is discussed in358

Section 4. This demonstrates that improving satellite channel conditions can effectively359

reduce the relay outage floor, while the blockage probability influences the switching360

frequency and the overall system outage through the link-selection mechanism.361

4 Switching Strategy and Power Allocation362

Optimization363

4.1 System Average Power Consumption Model364

The ground terminal adopts a primary/backup switching strategy: it defaults to the365

low-power UAV-to-ground direct link and switches to the satellite relay path only366

when the direct link is in hard blockage or its instantaneous SNR falls below a preset367

switching threshold γth. Let q ∈ (0, 1) denote the hard-blockage probability of the368

direct link. The transmit powers of the direct link and the satellite uplink are denoted369

by Pd and Ps, respectively. The satellite downlink power Pv is a fixed onboard resource370

and is not included in the UAV-side power budget.371

For a given switching threshold γth, the probability that the system selects the372

direct path is373

pd(γth) = (1− q)
[

1− Fd(γth)
]

, (26)
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and the probability of selecting the satellite relay path is374

pr(γth) = q + (1− q)Fd(γth), (27)

where Fd(·) is the CDF of the Rician fading channel for the direct link, as derived in375

(7). The average power consumption of the UAV is then given by376

Pavg(γth) = pd(γth)Pd + pr(γth)Ps. (28)

Since the satellite link has a much longer transmission distance than the direct377

link, typically Ps > Pd, frequent switching to the satellite relay increases the average378

power consumption of the UAV.379

4.2 Optimal Switching Threshold Design380

4.2.1 Problem Formulation381

Under the primary/backup switching strategy, the system outage probability consists382

of two components: (i) the direct path is selected but its instantaneous SNR falls below383

the service threshold γsvc; (ii) the relay path is selected but the relay transmission384

fails. The outage probability is thus expressed as385

Pout(γth) = (1− q)
[

Fd(γsvc)− Fd(γth)
]

+
[

q + (1− q)Fd(γth)
]

Pout,r, (29)

where Fd(γsvc) = Pout,d is the outage probability of the direct link, and Pout,r is the386

outage probability of the relay path given in (14).387

The optimal switching threshold problem is formulated as388

min
γth

Pavg(γth) s.t. Pout(γth) ≤ ϵth, 0 ≤ γth ≤ γsvc, (30)

where ϵth is the maximum tolerable outage probability.389
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4.2.2 Solution via Monotonicity Analysis390

Taking the derivative of Pout(γth) in (29) with respect to γth yields391

∂Pout

∂γth
= −(1− q)fd(γth)(1− Pout,r) < 0, (31)

which indicates that Pout(γth) is monotonically decreasing with respect to γth. A higher392

switching threshold triggers more frequent handover to the relay path and thus lowers393

the outage probability.394

Taking the derivative of Pavg(γth) in (28) with respect to γth yields395

∂Pavg

∂γth
= (1− q)fd(γth)(Ps − Pd) > 0, (32)

which indicates that Pavg(γth) is monotonically increasing with respect to γth; i.e.,396

raising the switching threshold increases the average power consumption.397

The above monotonicity analysis shows that the average power consumption and398

outage probability exhibit opposite monotonic trends with respect to γth. Therefore,399

the optimal solution to (30) is achieved when the outage probability constraint is tight:400

γ∗

th = min
{

γth : Pout(γth) ≤ ϵth
}

. (33)

The physical interpretation is clear: while satisfying the reliability constraint, the401

low-power direct link should be utilized for as long as possible, and the high-power402

satellite relay should be activated only when necessary.403

When γ∗

th = 0, the system switches to the relay path only upon hard blockage,404

corresponding to a hard-blockage-triggered strategy. When γ∗

th = γsvc, the system405

switches as soon as the direct-link SNR falls below the service threshold, corresponding406

to an SNR-threshold-triggered strategy. The specific operating mode is determined407

jointly by the scenario parameters (q,m, ϵth).408

Eq. (33) can be efficiently solved by a one-dimensional numerical search over γth ∈409

[0, γsvc]: the feasible region satisfying Pout(γth) ≤ ϵth is identified, and the minimum410

threshold in that region is selected as γ∗

th.411
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4.3 UAV Power Allocation Optimization412

4.3.1 Problem Formulation413

Given a limited total UAV transmit power budget Ptotal, the power allocation between414

the direct link and the satellite uplink is another critical factor affecting system415

performance. Let the allocation ratio be α ∈ (0, 1) such that416

Pd = αPtotal, Ps = (1− α)Ptotal. (34)

The average SNR of each link scales linearly with its transmit power:417

γ̄d(Pd) = γ̄d,nom · Pd

Pd,nom
, γ̄u(Ps) = γ̄u,nom · Ps

Ps,nom
, (35)

where γ̄d,nom and γ̄u,nom are the nominal average SNRs of the direct link and satellite418

uplink, respectively, under the reference power settings Pd,nom and Ps,nom. The satellite419

downlink SNR γ̄v is independent of α as Pv is fixed.420

The objective is to minimize the system outage probability of the ideal SC bench-421

mark under the total power constraint, which serves as a theoretical reference for the422

best achievable performance with power allocation:423

min
α

Pout,SC(α) s.t. Pd + Ps = Ptotal, 0 < α < 1. (36)

4.3.2 Solution via Golden-Section Search424

From (17), Pout,SC(α) = Pout,d(α) · Pout,r(α). Here, Pout,d(α) decreases with α (more425

power to the direct link), while Pout,r(α) increases with α (less power to the satel-426

lite uplink). The product is generally non-monotonic, and an optimal α∗ exists that427

minimizes the outage probability.428

Problem (36) is a one-dimensional constrained optimization that can be efficiently429

solved by golden-section search over α ∈ (0.05, 0.95), where the bounds avoid starving430

either link completely. For each candidate α, the average SNRs are updated via (35),431
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Table 1 System and Channel Parameters

Parameter Direct Link Satellite Relay

Carrier frequency (fc) 842.5 MHz 1,995 MHz / 2,185 MHz
Transmit power 30 dBm 33 dBm
Antenna gain 2 dBi 2.5 dBi / 35 dBi
Bandwidth 200 kHz 20 kHz
Noise figure 5 dB 3 dB
Rician K-factor 10 dB 8 dB
Satellite altitude — 35,786 km
Default elevation angle — 30◦

and the outage probability is computed using the expressions from Section 3. The432

search yields the optimal α∗ that minimizes the system outage probability.433

5 Numerical Results and Discussion434

In this section, we provide simulation results to demonstrate the validity of the ana-435

lytical expressions and investigate the effects of key system and channel parameters436

on the performance of the considered integrated satellite-aerial IoT network. Unless437

otherwise stated, the simulation parameters are summarized in Table 1. The direct438

link adopts a Rician fading channel with Kd = 10 dB, and the satellite uplink and439

downlink adopt SR fading channels with Ks = 8 dB and shadowing parameter m = 5.440

The service SNR threshold is set to γsvc = 5 dB, and the target outage probability is441

ϵth = 10−2. The satellite elevation angle is set to 30◦ by default. Monte Carlo simu-442

lations are conducted with 105 independent channel realizations to ensure statistical443

accuracy.444

5.1 Verification of Analytical Results445

Figs. 2-4 compare the outage probability, ergodic capacity, and average BER of the446

three transmission paths (direct path, two-hop DF relay path, and ideal SC bench-447

mark) as functions of the average SNR, respectively. The analytical curves are plotted448

using the expressions derived in Section 3, while the markers represent the Monte Carlo449
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Fig. 2 Outage probability of the three transmission paths versus average SNR.

Fig. 3 Ergodic capacity of the three transmission paths versus average SNR.

Fig. 4 Average BER of the three transmission paths versus average SNR.
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simulation results. The asymptotic curves in the high-SNR regime are also included450

for comparison.451

The analytical results closely match the Monte Carlo simulations across the entire452

SNR range, confirming the accuracy of the theoretical derivations. Furthermore, the453

asymptotic curves are in good agreement with the exact curves in the high-SNR region,454

validating the asymptotic analysis in Section 3.455

Several observations are worth highlighting. Firstly, the direct path achieves the456

lowest outage probability, highest capacity, and lowest BER at moderate to high457

SNR. This is because the Rician K-factor of 10 dB implies a strong LoS component,458

which suppresses fading fluctuations and yields a near-Gaussian error performance.459

Secondly, the relay path achieves a slower performance improvement due to the bot-460

tleneck imposed by the weaker hop. Both satellite hops yield a diversity order of one,461

so the end-to-end diversity stays unity, and the weaker hop governs the overall coding462

gain. Thirdly, the half-duplex penalty further reduces the ergodic capacity of the relay463

path by a factor of two compared with a hypothetical full-duplex relay. Fourthly, the464

ideal SC benchmark provides the best performance among the three, benefiting from465

path diversity that yields diversity order two. However, this upper bound requires con-466

tinuous full-CSI acquisition of both links and parallel signal reception chains, which467

is impractical for energy-constrained UAV IoT terminals.468

5.2 Impact of Shadowing Parameter on Relay Performance469

The shadowing parameter m characterizes the severity of LoS fluctuations for satellite470

links. When m is small (severe shadowing), the LoS power exhibits large fluctuations471

and the deep-fade probability increases substantially. As m grows, the LoS compo-472

nent becomes more stable, and the SR distribution gradually approaches a Rician473

distribution with the same Ks.474
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Fig. 5 Relay path outage probability versus shadowing parameter m.

Fig. 5 illustrates the impact of m on the outage probability of the two-hop relay475

path. As m increases from 1 to 20, the relay outage probability decreases from approx-476

imately 12.76% to 0.86%. The decline is most significant in the low-m region (m ≤ 5),477

indicating that improving the stability of the satellite LoS component yields the high-478

est reliability gain under severe shadowing conditions. For m > 10, the reduction479

flattens out, suggesting diminishing marginal returns under moderate to light shad-480

owing. This saturation effect indicates that once the shadowing is sufficiently mild,481

further reducing shadowing fluctuations provides little additional benefit, and the sys-482

tem performance becomes limited by the multipath fading and the two-hop bottleneck483

instead. It is also observed that m mainly affects the coding gain rather than the484

diversity order of the relay path, which is consistent with the asymptotic analysis in485

Section 3.486

5.3 Impact of Shadowing Parameter on Switching Performance487

When the optimal switching threshold γ∗

th equals zero under the nominal configuration,488

switching is triggered exclusively by hard blockage rather than by SNR degradation.489

In this regime, the post-switch outage follows the identity Pout,switch = q · Pout,r +490
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Fig. 6 Post-switch outage probability and relay activation probability versus shadowing parameter
m under q = 0.5% hard blockage.

(1 − q) · Pout,d. Since Pout,d is negligibly small under nominal conditions, the post-491

switch outage is approximately proportional to q · Pout,r, and thus inherits the same492

sensitivity to the shadowing parameter as the relay outage itself.493

Fig. 6 presents the post-switch outage probability and relay activation probability494

as functions of m, with a fixed hard-blockage probability q = 0.5%. As m increases495

from 1 to 20, the post-switch outage decreases from about 6.4 × 10−4 to about496

4.3× 10−5, a one-order-of-magnitude improvement, with the steepest drop occurring497

in the low-m region (m ≤ 5). In contrast, the relay activation probability remains498

nearly constant (around 0.5%) across the entire m range. This indicates that the499

switching frequency is primarily determined by the hard-blockage probability q and is500

almost unaffected by shadowing conditions. Consequently, improving satellite link sta-501

bility directly enhances the post-switch reliability without incurring additional power502

overhead from more frequent relay activation—a highly desirable property from an503

energy-efficiency perspective.504
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Fig. 7 Relay outage probability and hop average SNR versus satellite elevation angle.

5.4 Impact of Satellite Elevation Angle505

The satellite elevation angle θ affects the slant range between the UAV and the satel-506

lite, and thus the average received SNR of the satellite uplink and downlink. Higher507

elevation angles yield shorter propagation distances and higher link SNR, whereas low508

elevation angles correspond to longer path lengths and greater propagation loss. In509

the present model, the shadowing parameters are treated as invariant with elevation,510

so the effect of elevation is captured mainly through the geometric path-loss term.511

Fig. 7 shows the relay path outage probability and the corresponding average512

SNR as functions of θ. As the elevation angle increases from 10◦ to 60◦, the average513

SNR of the satellite uplink increases from approximately 16.5 dB to 17.4 dB, and514

the relay outage probability decreases accordingly. In the low-elevation region (θ ≤515

20◦), the longer path length translates into lower received SNR and thus poorer relay516

reliability. In the high-elevation region (θ ≥ 40◦), the shorter slant distance yields517

higher link SNR, and the relay path can provide more reliable backup transmission.518

This result provides guidance for constellation selection and beam planning when519

deploying satellite IoT systems in remote areas.520
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Fig. 8 System outage probability versus direct-link hard-blockage probability q under different shad-
owing conditions.

5.5 Impact of Direct-Link Hard-Blockage Probability521

The hard-blockage probability q is a key parameter that determines the frequency522

of relay activation. For a direct-link-only system, the outage probability is q + (1 −523

q)Pout,d, which increases nearly linearly with q when the fading-induced outage Pout,d524

is negligible. After introducing a satellite relay backup, the system outage becomes525

q ·Pout,r+(1−q)Pout,d. The satellite relay serves as a redundancy layer to handle hard-526

blockage events. When the direct link is blocked, the system switches to the satellite527

path, and the overall outage equals the product of the blockage probability and the528

relay outage probability. This multiplicative reduction is the fundamental mechanism529

behind the effectiveness of the primary-backup switching strategy.530

Fig. 8 investigates the sensitivity of the system to q. For the system using only531

the direct path, the outage probability increases nearly linearly with q in the range532

10−3 ≤ q ≤ 10−1. After introducing the satellite relay backup, the outage reduction533
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Table 2 Primary/Backup Switching Results for Three Scenarios

Scenario m q (%)

ϵth
(%)

Pout,direct

(%)

Pout,switch

(%)
Reduction

(%)

Forest Fire Emergency 1 0.5 0.1 0.5000 0.06379 87.24
Glacier/Ocean Monitoring 10 1.0 5.0 1.0000 0.01324 98.68
Urban Edge Inspection 5 2.0 1.0 2.0000 0.04852 97.57

is most dramatic when the relay path has high reliability (large m): for m = 20, the534

outage drops by more than an order of magnitude at q = 10−2. It is also observed535

that the benefit of increasing m is more pronounced at larger q. This is because when536

blockages are rare (small q), the direct link handles most transmissions and the relay537

quality matters less. When blockages are frequent (large q), the relay is called upon538

more often, and its reliability has a larger impact on the overall system performance.539

5.6 Switching Performance under Three Monitoring Scenarios540

Table 2 summarizes the primary/backup switching results for three representative541

environmental monitoring scenarios: forest fire emergency, glacier/ocean monitoring,542

and urban edge inspection. The direct-link-only outage probability Pout,direct equals543

the hard-blockage probability q, as the direct link enjoys a high Rician K-factor and544

its fading-induced outage is negligible under nominal SNR conditions. The switching545

strategy, with the optimal threshold γ∗

th determined by (33), significantly reduces the546

outage probability in all three cases while satisfying the respective constraint ϵth.547

In all three scenarios, the optimal switching threshold γ∗

th equals zero, meaning548

that the system switches to the relay path only upon hard blockage of the direct link549

and that SNR-triggered handover is not activated. This is because the direct link550

operates with a large link margin (average SNR far above the service threshold), so551

that the fading-induced outage probability of the direct link is negligible compared552

with the hard-blockage probability q. Consequently, the outage reduction achieved by553
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Fig. 9 Outage probability under equal-power and optimized power allocation.

the proposed strategy is primarily due to the availability of a satellite backup, rather554

than from SNR-based threshold optimization.555

In the forest fire emergency scenario (m = 1, q = 0.5%, ϵth = 0.1%), severe556

shadowing limits the reliability of the satellite relay, resulting in an 87.24% outage557

reduction, which is the smallest among the three scenarios. In the glacier/ocean mon-558

itoring scenario (m = 10, q = 1.0%, ϵth = 5.0%), the relay path is highly reliable and559

the outage drops by 98.68%, the largest reduction. The urban edge inspection sce-560

nario (m = 5, q = 2.0%, ϵth = 1.0%) achieves a 97.57% reduction, confirming that561

the proposed switching strategy is effective even under frequent blockages. The SNR-562

threshold regime becomes relevant only when the direct-link margin is substantially563

reduced, e.g., at longer communication ranges or lower transmit power.564

5.7 Power Allocation Optimization565

Fig. 9 compares the outage probability of the hybrid system under equal-power split-566

ting (α = 0.5) and the optimized allocation obtained via golden-section search. Under567

the nominal power settings (Pd = 30 dBm, Ps = 33 dBm), both schemes achieve568

extremely low outage probabilities, and the optimized allocation yields a marginal569

improvement of about 2%–3%. The small gain is attributed to the fact that at such570
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high nominal powers, both links have ample SNR margins, leaving little room for571

further improvement.572

Nevertheless, the following trends are observed. In the low total power region, the573

satellite uplink is the bottleneck, and the system tends to allocate more power to the574

uplink (α∗ < 0.5) to balance the outage probabilities of the two paths. As total power575

increases and the uplink SNR surpasses the downlink SNR, further boosting Ps yields576

diminishing returns, and α∗ shifts toward the direct link. The gain brought by optimal577

power allocation is modest at the nominal operating point, approximately 2%–3%.578

This gain stays less than one order of magnitude over the investigated power range,579

and the maximum gain appears at a transmit power much lower than the nominal580

UAV operating level. This confirms that power allocation optimization provides the581

largest benefit in severely power-limited scenarios, while its impact is limited under582

typical operating conditions.583

6 Conclusions584

In this paper, we have investigated the performance of a UAV-based integrated585

satellite-aerial IoT system with a primary-backup link switching strategy over hetero-586

geneous Rician and SR fading channels. By considering the practical hard-blockage587

effect of the direct link, a realistic hybrid system model was developed for remote588

environmental monitoring scenarios. Based on the derived statistical characteristics589

of both links, analytical expressions for the outage probability, ergodic capacity, and590

average BER were obtained for the direct path, the two-hop DF relay path, and the591

switching system, respectively. To gain further insight, asymptotic analysis at high592

SNR was performed, showing that both individual paths achieve diversity order one593

while the selection combining benchmark achieves diversity order two.594
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By exploiting the opposite monotonicity of outage probability and average transmit595

power versus the switching threshold, the optimal threshold is found at the outage con-596

straint boundary. This property reduces the constrained power-minimization problem597

to a one-dimensional root-finding task. The parameter regime requiring SNR-triggered598

switching beyond pure blockage triggering is also characterized. The optimal threshold599

is strictly positive only when the fading-induced outage of the direct link is compara-600

ble to the hard-blockage probability. Under nominal high-margin configurations, the601

threshold degenerates to zero, and the strategy is triggered merely by hard blockage.602

Finally, a golden-section-search-based power allocation scheme was adopted to further603

improve the system performance. Monte Carlo simulation results were provided to604

corroborate the analytical results and to demonstrate the impacts of key parameters,605

including the shadowing parameter, blockage probability, elevation angle, and power606

allocation ratio.607

It should be noted that several simplifications are adopted in this work. Hard608

blockage is modeled as an independent and identically distributed (i.i.d.) process.609

This blockage follows a Bernoulli process with fixed probability q. Under temporally610

correlated blockage, the reported gains serve as an upper bound. In addition, perfect611

CSI of the direct link is assumed, and only transmit power is considered within the612

power model. Extensions to imperfect CSI, temporally correlated blockage, and a more613

comprehensive power model constitute interesting directions for future research.614
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