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ABSTRACT In this paper, we consider long range air-to-ground (AG) communication systems which
support aeronautical platforms including unmanned aerial vehicles (UAVs) in the ultra high frequency (UHF)
band. For such a system, we present the measurement based path loss analysis and multipath characteristic
results at the distance of hundreds of kilometers. To this end, the experimental AG channel measurement
system is implemented at the aircraft with various ground station (GS) environments. Through realistic flight
tests, we observe the path loss behaviors for long range UHF channels with sea and ground earth surface
reflections. By comparing the measurement results with the empirical path loss model and the spherical earth
two-ray model, we demonstrate that our measurement results match well with the model. Moreover, for the
multipath channel characterization, we provide field test results on the occurrence probability, delay, and
power of multipath components in hilly and mountainous environments with various altitudes of the aircraft.

11 INDEX TERMS Air-to-ground, long range communication systems, channel characterization, UHF band.

I. INTRODUCTION12

In recent years, there have been a rapid growth in the use13

of unmanned aerial vehicles (UAVs) for various applications14

such as military reconnaissance and civilian airborne cellular15

networks [1], [2], [3], [4]. For such aerial systems, an air-to-16

ground (AG) communication link should be extremely reli-17

able. In the UAV system operating within line-of-sight (LOS)18

region, the AG communication link can be classified into an19

wideband high capacity data link and a narrowband command20

and control (C2) data link. The first one indicates the AG21

wideband trunk that transmits radar, imagery, video, and other22

sensor information at high rates of hundreds ofMbps from the23

airborne platform to the ground station (GS), while the second24

one represents a linkwhich sends and receives reliable C2 and25

The associate editor coordinating the review of this manuscript and
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telemetry messages for the UAV and its payload at the rate of 26

lower than tens of Mbps via the AG wireless channel. 27

Due to the limitation of available spectrum, the wideband 28

AG data link typically adopts high frequency bands such as X 29

or Ku bands even though it suffers from a huge propagation 30

loss [5]. Thus, it practically needs high-gain directional track- 31

ing antenna systems to cover hundreds of kilometers. How- 32

ever, the lower frequency bands such as ultra high frequency 33

(UHF), L, and C have superiority over higher frequencies in 34

terms of the reliability of the long range AG links, resulting 35

from much less multipath fading, attenuation, phase distor- 36

tion, and delay spread [6]. Normally, the UHF band enables 37

to extend a coverage of the system, and it has been shown 38

that atmospheric effects such as precipitation do not affect 39

transmissions in theUHF band. These inherent characteristics 40

provide competitive advantages in harsh applications. Thus, 41

several military AG communications employ the UHF band 42

for long range environments [7], [8]. 43
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FIGURE 1. System configuration for long range AG channel measurements.

Signal propagation characteristics at various frequency44

bands have been studied through modeling and extensive45

measurements in various AG scenarios. To the best of our46

knowledge, no literature has investigated the measurement47

based path loss and multipath characteristics for long rage48

AG communication systems in the UHF band yet [9]. Authors49

in [10] presented the experimental results of AG channels50

with a sea surface at the C band over a range of 45 to 95 kilo-51

meters. Comprehensive AG channel models were devel-52

oped and tested in [11], [12], and [13] under over-water,53

hilly/mountainous, and sub/near-urban scenarios for L and C54

bands with a link distance of less than 50 kilometers. Also, the55

works [14], [15], [16], [17], [18] focused on the low altitude56

channel in cellular networks or short range urban areas.57

In [19], a flight measurement campaign for the L-band AG58

channel was presented together with results on the measured59

channel characteristics for positioning applications. A part of60

the channel measurement was performed at an aerial height61

up to 11 km and a link distance of 350 km. However, many62

papers are still limited in the AG channel with short coverage,63

and most field tests were conducted only at the distance of64

hundreds of meters. Furthermore, an elevation angle based65

two-ray path loss model with a varying reflection coefficient66

was proposed in [20] without field measurements. Authors67

in [21] generated a three-dimensional UAV-to-vehicle chan-68

nel model by integrating a machine learning method under a69

typical urban scenario at 28 GHz. The AG channel exhibits70

distinct features compared to other terrestrial or urban com-71

munication channels. For more accurate prediction, the earth72

curvature based environments should be considered for long73

range AG communication systems. Therefore, the study on74

the AG channel involving actual tests is important for long75

range airborne platforms in the UHF band.76

In this paper, we present field measurement results for the77

path loss and multipath characteristics in the long range AG78

communication environments. For measurements, we imple-79

ment the experimental AG communication system in the80

UHF band at the aircraft and various GSs. We conduct 81

flight measurement tests under realistic AG channel scenar- 82

ios. Throughout the flight test, we focus on examining long 83

range path loss behaviors with the sea and ground earth 84

surface reflections. Additionally, for the multipath channel 85

characteristic analysis, we investigate the occurrence prob- 86

ability of multipath component, delay, and power relative 87

to the line-of-sight (LOS) component values in hilly and 88

mountainous GSs. We demonstrate the measurement result 89

to illustrate the multipath effects for different AG channel 90

environments. 91

Main contributions of this paper include the followings: 92

1) long range AG path loss analysis for the sea and ground 93

surface reflections, 2) measurement based spherical earth 94

path loss model and log-distance path loss model, 3) multi- 95

path component statistics for various aircraft and GS settings, 96

and 4) quantification of delay spread characteristics for long 97

range AGmultipath channels. Note that all measurements are 98

conducted by actual flights in the UHF band. 99

The remainder of this paper is organized as follows: In 100

Section II, we address a flight measurement setup to inves- 101

tigate the AG channel properties. Section III provides the 102

measured path loss results with the sea and ground reflec- 103

tions including empirical losses predicted by models. Under 104

various GS conditions, the observations of multipath effects 105

are presented in Section IV, and conclusions are presented in 106

Section V. 107

II. MEASUREMENT SETUP 108

In this section, we present the flight measurement setup 109

for test campaigns which observe path loss and multipath 110

channel characteristics. For measurements, we implement the 111

experimental AG channel measurement system as shown in 112

Fig. 1. It consists of a transceiver with UHF antennas, a high 113

power amplifier (HPA), and the channel sounding configu- 114

ration including a signal generator and a spectrum analyzer. 115

For the path loss measurement, the transceiver continuously 116

VOLUME 10, 2022 101881



J. Kim, I. Lee: Channel Measurements and Characterizations

FIGURE 2. Comparison of the antenna radiation patterns for the cases
with and without the aircraft.

transmits a signal with a bandwidth of 2 MHz and records117

the received signal strength according to the information of118

the global positioning system (GPS) installed on the aircraft.119

On the other hand, for the multipath measurement, the signal120

generator and the spectrum analyzer are utilized at the aircraft121

and the GS sides, respectively.When the noise or interference122

level increases, we additionally use a low noise amplifier123

(LNA) at the front-end of the spectrum analyzer in order to124

obtain a signal level above the noise floor.125

For a safe and effective flight test, the manned aircraft126

Cessna 208 Caravan has been used in our experiment as127

shown in Fig. 1. In the aircraft configuration, most compo-128

nents are installed inside the aircraft, and the omni-directional129

blade antenna is mounted on the bottom surface of the air-130

craft.While the antenna ismounted on the fuselage, it impacts131

on the resulting radiation pattern. We analyze the whole radi-132

ation patterns based on a simplified aircraft computer-aided133

design (CAD) model. The radiation patterns with respect to134

the azimuth and elevation angles are plotted in Fig. 2. The135

figures show that some deviations with null patterns are found136

for the antenna mounted on the aircraft due to the effect137

of the fuselage. However, it would be sufficient to consider138

the aircraft antenna gain as 2 dBi in low elevation angle139

of interest. On the other hand, in the GS, we employ an140

omni-directional antenna with a length of 2.4 m and a gain141

of 7 dBi. Note that the antennas for both sides are vertically142

polarized.143

In Fig. 3, we illustrate a block diagram on the channel144

sounding process which is essential for the multipath channel145

measurement. The channel sounding signal based on a spread146

spectrum technique is implemented at the vector signal gener-147

ator of the aircraft. After acquiring channel impulse responses148

FIGURE 3. Processing block diagram of the channel sounding signal.

at the spectrum analyzer of the GS, the individual power delay 149

profile (PDP) is generated in the postprocessing. 150

For the channel sounding input, we create a Zadoff-Chu 151

seqeunce, which is well-known as a constant amplitude and 152

zero auto-correlation sequence. This sequence usually pro- 153

vides good auto-correlation performance in many fields. The 154

sounding signal is operated at a sampling clock of 14 MHz, 155

which allows for a time resolution of 71.4 ns in the mul- 156

tipath measurement1. Then the sounding signal is filtered 157

by a square root raised cosine (SRRC) response with the 158

roll-off factor of 1.0. Unlike [11] with the roll-off of 0.3, 159

we adopt a larger roll-off value in order to further reduce 160

oscillations in the time domain. After passing through the 161

target AG channel, the spectrum analyzer in the GS samples 162

the received signal digitally. Finally, the PDPs are produced 163

by the postprocessing that includes the SRRC filtering and 164

the auto-correlation. 165

In the measurement setup, the center frequency is assigned 166

between 400 and 500 MHz depending on spectrum avail- 167

ability. The flight speed is set to 270 to 300 km/h during all 168

flights. The flight trajectories have been predefined such that 169

clear radio LOS can be maintained in term of the antenna’s 170

field of view. An airframe shadowing may occur when the 171

aircraft body itself obstructs the radio LOS toward the GS. 172

We prevent such circumstances for the measurements by 173

allowing only straight-and-level flights. The detailed environ- 174

ments about the GSs and the trajectories of aircraft will be 175

described in Sections III and IV. 176

III. PATH LOSS ANALYSIS 177

In this section, we provide the path loss measurements for 178

long range AG communication channels with both sea and 179

ground surface reflections. Then we compare with results 180

predicted by the international telecommunications union 181

(ITU) recommended model and the spherical earth two-ray 182

model. Here, we focus on the path loss analysis according 183

to a distance between the aircraft and the GS, mainly from 184

100 to 200 km. 185

A. PATH LOSS MODEL DESCRIPTIONS 186

1) ITU-R P.528 MODEL 187

The path loss model can be divided into a site-general model 188

and a site-specific model [6]. First, recommendation ITU-R 189

1 While the delay between two paths is close to the time resolution of
the measurement system, two paths are often unresolvable [22]. However,
as discussed in [11], it is sufficient to identify most multipath components
because the long range AG channel with a high altitude has a relatively sparse
multipath environment.
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FIGURE 4. Geometry of the spherical earth over the two-ray path.

P.528 provides a basic path loss calculation method in the190

frequency range from 100 MHz to 30 GHz for aeronautical191

systems [23]. However, the P.528 model only assumes the192

smooth earth surface with a mean annual global reference193

atmosphere and sets a conductivity σ = 0.005 S/m and a194

relative dielectric constant εr = 15 as the average ground195

surface. In addition, since the variability of the P.528 model is196

based on a considerable amount of experiment data obtained197

mainly for a continental temperate climate, it is close to a198

site-general model in such an environment.199

To predict the path loss from the P.528 model, we need200

the heights of the aircraft antenna hA and the GS antenna201

hG above mean sea level (AMSL), the antenna parameter 2202

indicating either horizontal or vertical linear polarization, and203

the desired time percentage t of the long-term variability as204

well as the distance d and the frequency f . The path loss of205

the P.528 model can be represented as L528 with these input206

parameters.207

2) SPHERICAL EARTH TWO-RAY MODEL208

If we take the spherical earth surface reflection into consider-209

ation, the path loss can be explained by a well-known two-210

ray model. The LOS path and the earth surface reflection211

are determined via a geometry, which means that the deter-212

ministic two-ray model is inherently site-specific. The path213

loss calculation for the spherical earth geometry starts with a214

two-ray model involving the phasor sum of the direct and the215

reflected rays. Since the actual field strength deviates from216

the flat earth model, we cannot expect to yield more realistic217

path loss results at large distances. Therefore, we offer in218

Fig. 4 the geometry of the spherical earth over the two-ray219

path and various parameters used in this paper.220

To establish the spherical earth two-ray model, we first221

determine the geometrical specular reflection point located222

at the distance d1,k away form the aircraft, shown in Fig. 4.223

By introducing the time index k in the subscript, we represent 224

variables that change with the movement of the aircraft. Since 225

an exact model exists only for a flat earth assumption [24], 226

an approximate solution is available for our long range sit- 227

uation with a small grazing angle. The great circle distance 228

between the aircraft and the reflection point d1,k is given 229

as [25] 230

d1,k =
dk
2
+ pk cos

(
8k + π

3

)
(1) 231

where pk =
2
√
3

√
Re(hA,k + hG)+ d2k /4 and 8k = 232

cos−1
(
2Re(hA,k − hG)dk/p3k

)
. Hence, the remaining distance 233

d2,k is derived as d2,k = dk − d1,k . The effective earth radius 234

Re is defined as Re = αR where α denotes the effective earth 235

radius factor and the earth radius R = 6371 km. 236

In the terrestrial channel with radio waves traveling near 237

the surface, the effective earth radius factor α is normally cho- 238

sen as 4/3 to account for the ray bending effect due to changes 239

in the atmospheric refractivity. In our approach, the effective 240

earth radius factor α can be obtained form the average radius 241

of the curvature method proposed in [26]. However, since the 242

overall effect against the altitude changes is negligible, α is 243

set to 1.4 based on a constant surface refractivity of the test 244

area. 245

The aircraft altitude, the GS antenna height and the slant 246

range between the aircraft and the GS are denoted as hA,k , hG 247

and rk , respectively, which are known in advance. The value 248

1rk denotes the difference between the direct slant range rk 249

and the length of the reflected ray r1,k + r2,k as [27] 250

1rk , r1,k + r2,k − rk 251

= dk

(√
1+

(ĥA,k + ĥG,k )2

d2k
−

√
1+

(ĥA,k − ĥG,k )2

d2k

)
, 252

(2) 253
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where ĥA,k = hA,k −
d21,k
2Re

and ĥG,k = hG −
d22,k
2Re

mean the254

heights of the aircraft and the GS antennas above the plane255

tangent to the surface of the earth at the point of reflection,256

respectively. Note that ĥG,k changes with d2,k unlike hG.257

Also, the length of the direct path rk is computed as rk =258

((Re+hA,k )2+(Re+hG)2−2(Re+hA,k )(Re+hG) cos (
dk
Re
))1/2,259

which is determined by the link geometry.260

Now, the total received field strength at time k is given as261

Ek = Ed,kFk = Ed,k (1+ ρkDkPke−j1φk ) (3)262

where Ed,k is the direct wave field strength, the path-gain263

factor Fk = 1 + ρkDkPke−j1φk means that how the field at264

the receiving antenna differs from Ed,k [25], ρk denotes the265

surface reflection coefficient, Dk is the divergence factor, Pk266

is the partial reflection factor and 1φk indicates the relative267

phase difference according to 1rk .268

The coefficient ρk depends on the frequency, polarization,269

grazing angleψk , and electrical constant at the surface reflec-270

tion point. For our test case, a complex value ρk in the vertical271

polarization is given by272

ρk = |ρk | eθk273

=
(εr − j60λσ ) sinψk −

√
(εr − j60λσ )− cos2 ψk

(εr − j60λσ ) sinψk +
√
(εr − j60λσ )− cos2 ψk

274

(4)275

where θk denotes the phase and εr , σ , λ and ψk represent276

a relative dielectric constant of the surface, a conductivity,277

a wavelength and a grazing angle, respectively [27]. Here,278

ψk is defined as ψk = ĥA,k/d1,k = ĥG,k/d2,k . When279

reflected from the earth surface, there is a reduction effect280

of the reflection coefficient geometrically arising from the281

divergence of the rays. This effect can be taken into account282

by rewriting the smooth spherical earth reflection coefficient283

as ρkDk where Dk is defined as [27]284

Dk =

√
1+

2d1,kd2,k
Re(ĥA,k + ĥG,k )

. (5)285

From (2), we can obtain 1φk as 1φk = (2π/λ)1rk . Also,286

Pk indicates the ratio of the reflected field strength from the287

non-uniform surface to that reflected by a uniform surface.288

In [28], recommendation ITU-R P.525 contains popular289

methods to calculate the attenuation in free space between290

ideal loss-free isotropic antennas, which is referred to as free291

space path loss Lfs. The free space path loss is expressed as a292

function of the distance rk and the frequency f as Lfs,k (rk , f ).293

Also, La,k denotes an adjustment factor for the average dif-294

ference between the measured and the predicted path losses.295

It includes the environmental elements such as an additional296

atmospheric loss and imperfect electrical constants as well as297

small mismatches of the antenna gain influenced from some298

deviations of the flight trajectory. After converting (3) into299

the received power Pr,k in a dB scale, Pr,k is computed as300

Pr,k = PT + GT + GR − LC301

−Lfs,k − La,k + 10 log10 |Fk |
2 (6)302

where PT ,GT ,GR and LC stand for a transmit power, a trans- 303

mit antenna gain, a receive antenna gain, and total cable loss, 304

respectively. Finally, the path loss Lk is given as 305

Lk = PT + GT + GR − LC − Pr,k (7) 306

= Lfs,k + La,k − 10 log10 |Fk |
2 (8) 307

= Lfs,k + La,k 308

− 10 log10
∣∣∣1+ |ρk |DkPke−j(1φk−θk )∣∣∣2 (9) 309

= Lfs,k + La,k − 10 log10
(
(1+ |ρk |DkPk )2 310

− 4 |ρk |DkPk sin2(
θk −1φk

2
)
)
. (10) 311

3) LOG-DISTANCE MODEL BASED ON LEAST SQUARE 312

CURVE-FITTING 313

Most of the measurements employ the log-distance path loss 314

model where an increase in losses is represented by a value 315

of the path loss exponent. The widely used log-distance path 316

loss model against dk is given as 317

L̃k = A+ 10n log10 dk (11) 318

where L̃k is the log-distance path loss in dB, A represents a 319

constant, and n indicates the path loss exponent [10]. Both n 320

and A can be extracted from the measured data using a least 321

square (LS) curve-fitting technique. 322

B. PATH LOSS MEASUREMENT RESULTS 323

In this subsection, we discuss on the received signal strength 324

gathered at a distance between 100 and 200 km via several 325

flights. Specially, we conduct twomeasurement campaigns in 326

order to predict the path loss behavior on both sea and ground 327

surfaces. To this end, we choose two GS locations such that 328

the radio wave is mainly reflected over the sea or ground 329

earth surfaces, which will be referred to as GS 1 and GS 2, 330

respectively. GS 1 is located at about 1100 meters AMSL in 331

an island area where can cause a sea water reflection. On the 332

other hand, to establish the ground reflection environment, 333

GS 2 is placed on an inland spot with about 900 meters 334

AMSL. Note that both GSs are located in open fields sur- 335

rounded by hilly and mountainous terrains as shown in Fig. 1. 336

However, we can expect that the surface reflection effects are 337

more dominant than terrains around the GS in terms of long 338

range LOS path environments. 339

The flight tests are performed in the airspace of South 340

Korea during spring and fall seasons. During several mea- 341

surements, the weather conditions are clear and the sea is 342

calm. By keeping the aircraft at an altitude of approximately 343

3.5 km within a distance of interest, the AG link can maintain 344

a clear radio LOS channel. Under the predefined flight tracks, 345

the flight trajectories are set straight toward or far away from 346

each GS. Figure 5 shows the detailed measurement scenarios 347

and trajectories in GS 1 and 2 under the LOS conditions. Prior 348

to the measurement, we check the LOS coverage based on 349

digital terrain elevation data. 350
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FIGURE 5. Flight trajectories in GS 1 and 2 under LOS conditions.

We now provide measurement results of the path loss.351

Figures 6 and 7 show the measured and predicted path loss352

results for the sea and ground surface reflection setting,353

respectively. The measured results generally follow a similar354

trend to the predicted results. We can see that the measure-355

ment result is reasonably well-approximated by the spherical356

earth two-ray model with the obtained parameters. The P.528357

model path loss with t = 95% is plotted to compare with358

other graphs. Generally, the time percentage t of more than359

95% is required to obtain more reliable AG communication360

service [23]. The statistics associated with the variability in361

the P.528 model represent the expected changes in the signal362

level over time. Hence, as can be seen in the figures, the P.528363

model can serve as an upper bound in terms of the path loss364

of the AG link.365

From the figures, we can check a periodic variation of the366

received power, which is a direct manifestation of the two-ray367

model. The reflected signal results in very deep fades pattern368

known as lobing. Typically, we can see more fluctuations due369

to measurement system variations and unexpected scattering370

such as surface condition2. Since the P.528 model belongs371

FIGURE 6. Path loss measurement in GS 1 with the sea reflection.

FIGURE 7. Path loss measurement in GS 2 with the ground reflection.

to the site-general model, it can provide a trend of the path 372

loss based on general information rather than specific path 373

parameters. In this regard, the P.528 model cannot account 374

for the lobing effect because it omits the inclusion of detailed 375

information such as the path-gain factor Fk according to the 376

varying geometry of the two-ray path. 377

The lobing structure is highly dependent on surface char- 378

acteristics such as roughness as well as electrical constants. 379

Particularly, it is observed in Fig. 7 that the lobing pat- 380

tern of the ground reflection case is not perfect compared 381

to the sea reflection case of Fig. 6. Since the ground is a 382

poorly reflecting surface relative to the signal wavelength, 383

the ground reflection may be irregular or even not be present 384

due to blocking from terrain obstructions. Also, since the sea 385

is effectively smoother as the wavelength becomes longer, 386

the two-ray lobing effect is more distinct compared to the 387

2 Note that the measured data curves in Figures 6 and 7 are plotted with
instantaneous and raw measurement data, even though the moving average
results look smoother. For the link budget analysis of the AG system, we can
utilize the practical fade depth of the lobing.
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TABLE 1. Path loss model parameters.

ground reflection condition. Moreover, we can recognize that388

the lobing effect becomes wider as the link distance increases.389

For the spherical earth two-ray model, the reflection sur-390

face parameters related with the conductivity σ and the391

relative dielectric constant εr affect the fade depth of the392

lobes, whereas the interval of lobes is highly dependent on393

the aircraft altitude hA,k . By plotting the model, we can394

observe that the interval of the lobes becomes narrow as395

hA,k increases. In the reflection coefficient computations (4),396

we assume a sea water with σ = 5 S/m and εr = 81 and397

an average ground with σ = 0.005 S/m and εr = 15 [27].398

Although they may vary in practice, we keep them constant399

because their tiny changes do not significantly affect the path400

loss results. Likewise, we consider La and P as constants401

for simplicity. These model parameters are summarized in402

Table 1. Depending onwhere the reflection point is located at,403

we can encounter non-ideal surface situations. To deal with404

this problem, we adjust the two-ray model by using the partial405

reflection factor P. In the practical cases, P is found to have a406

value between 0.1 and 1.2 [24]. Also, La is an additional term407

derived from measurement environments. Therefore, model408

tuning is required for these two variables.409

Based on the LS curve-fitting path loss model (11), the410

average path loss exponents along with the smooth sea and411

the suburban and hilly ground reflection points are calculated412

as 2.1 and 3.4, respectively, as shown in Table 1. The path loss413

exponent under the sea water reflection is close to that of the414

free-space. However, the ground reflection case has a higher415

path loss exponent compared to the sea water case. This is416

because the roughness of ground surface is not uniform as417

the reflection point varies. Because of the rugged terrains418

at ground reflection points, a weak ground reflection exists,419

whereas a strong sea reflection is likely to present due to the420

smooth sea surface.421

IV. MULTIPATH CHANNEL CHARACTERISTICS422

The multipath channel can be represented in terms of the423

complex channel impulse response h(t, τ ). The PDP, which424

is proportional to |h(t, τ )|2, generally provides the received425

power at the receiver with a certain delay [17]. We thus426

calculate the instantaneous PDP for the kth received sequence427

as in Section II, which is defined as428

P̃k (τ ) =
Nk∑
i=1

|ak,i|2δ(τ − τk,i) (12)429

FIGURE 8. Flight trajectories in GS 3 under LOS conditions.

FIGURE 9. Snapshots of the PDPs with different taps in two hilly and
mountainous GSs.

where ak,i, τk,i, and Nk denote the time-varying ith multipath 430

component’s amplitude, delay, and the number of multipath 431

components at the kth time instant, respectively. In the fol- 432

lowing, we present field test results for the occurrence prob- 433

ability, delay, and power of multipath components in various 434

AG communication environments. 435

By applying the channel sounding system described in 436

Section II, the channel impulse responses are collected in an 437

extra location GS 3 as well as GS 2 over more than one 438

hour flight trial. Figure 8 shows the detailed measurement 439

scenarios and trajectories in GS 3 under the LOS conditions. 440

As stated in the previous section, although the pass loss 441

behavior is similar to that of free space with a strong surface 442

reflection, other multipath components from the sea water 443

surface might be weaker [7], [11]. Hence, we discard GS 1 for 444

this test case. 445

Finally, three typical scenarios are carried out. The GS 446

3 has a lower ground level of about 210 meters and a hilly and 447

mountainous terrain with some small buildings compared to 448
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TABLE 2. Quantification of multipath channel characteristics.

GS 2. For this reason, we can expect a more dispersive envi-449

ronment in the GS 3. After the postprocessing, we obtain the450

instananeous PDPs of (12) by aligning the channel impulse451

responses so that the direct LOS component has zero delay452

and unit power. Figure 9 shows snapshots of the instan-453

taneous PDPs with different multipath components, which454

are measured in GS 2 and 3 with different scenarios. The455

second multipath components are mainly generated due to456

reflections on the ground surface with suburban and hilly457

features. Especially, small buildings around the GS 3 under458

the hilly and mountainous environment might be a potential459

source of intermittent third and fourth multipath components.460

For the quantitative statistical analysis, the occurrence461

probability, averaged delay, and averaged power of each462

multipath component in different GS environments are sum-463

marized in Table 2. In such a analysis, we ignore taps with464

power 30 dB lower than the first tap [15], [29], [30]. In other465

words, the criterion for determining the multipath tap is set466

to more than −30 dB as represented in Fig. 9. The results467

obviously show that the multipath effects gradually become468

more serious in GS 3 compare to GS 2 in spite of a large469

elevation angle in the GS 3 geometry setting. This is because470

some buildings near GS 3 generate more rich scattering. Also,471

as expected, the number of multipath components Nk and the472

occurrence probability of the third component significantly473

increase as the altitude of the aircraft decreases.474

It was observed in [11] and [12] that the occurrence prob-475

ability of the third ray becomes lower as the link distance476

increases, whereas the delay is not highly dependent on the477

link distance. Note that the delay characteristic is a fairly478

weak function of the frequency and link distance. Likewise,479

the experiment result on GS 2 over long range exhibits a480

similar delay trend while it has a very low probability of the481

third component occurrence.482

Furthermore, the root mean squre (RMS) delay spread is483

calculated based on multipath components in average PDPs.484

The RMS delay spread in GS 2 is found to be 9.7 ns, while for485

GS 3, we obtain the RMS delay spread of 23.6 ns and 47.5 ns486

at the altitude of 2 km and 3 km, respectively. Despite higher487

altitude, the test with the altitude of 3 km has a larger RMS488

delay spread since it receives stronger multipath signals in the 489

second and third taps as shown in Table 2. 490

V. CONCLUSION 491

In this paper, we have addressed the experimental characteri- 492

zation and themodeling of the long range AG communication 493

channel over the sea and ground at the UHF band. The 494

measured path loss has been compared with the predicted 495

losses based on the spherical earth two-ray model and the 496

ITU recommended model. The path loss analysis results have 497

suggested that the measured losses follow a similar trend to 498

that predicted by our two-ray model. In addition, the mul- 499

tipath characteristic results have shown that the multipath 500

component exist in the long range AG channel on a fairly 501

high probability regardless of their sparse and intermittent 502

property. The results are important to design the long range 503

AG communication system of the UAV for modern military 504

and civilian airborne network applications. 505
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