
Abstract

KHAWAJA, WAHAB ALI GULZAR. Ultra-wideband and mmWave Channel Propagation
for Public Safety and UAV Communications. (Under the direction of Dr. Ismail Guvenc).

5G millimeter wave (mmWave) and ultra-wideband (UWB) communications offer op-

portunities for achieving broadband data rates significantly exceeding what may be achieved

with today’s 4G wireless technology. While channel propagation characteristics of mmWave

and UWB signals have been studied in the literature for more traditional settings, there is a

need to better understand channel propagation characteristics for emerging communications

scenarios such as public safety and unmanned aerial vehicle (UAV) communications. The

research work carried out for this dissertation aims to address this gap and it can be divided

into five main categories: 1) UWB channel measurements and modeling during a hurricane,

2) UWB channel measurements and modeling for UAV air-to-ground (AG) communication

systems, 3) mmWave AG channel characterization using UAVs, 4) coverage enhancement

for mmWave communication networks using passive metallic reflectors, and, 5) multiple ray

received power modeling for mmWave indoor and outdoor scenarios.

UWB radio has been a good candidate for different public safety applications such as

high resolution monitoring nodes for search and rescue and video transmissions for situa-

tional awareness. However, there is no related study in the literature that explores how UWB

propagation is affected from wind driven rain during hurricane scenarios. In this work, a

comprehensive UWB channel measurement campaign is carried out at FIU’s Wall of Wind

facility during Category 1 to Category 4 hurricane conditions. Subsequently, a statistical

UWB channel propagation model is introduced based on the collected measurements un-

der hurricane conditions. The channel model helps to understand the effects of hurricane

conditions on UWB wireless communications.

The AG mmWave and UWB propagation channels for UAVs have not been studied

extensively in the literature when compared to the terrestrial AG propagation models. In

this report, we first provide a survey of AG propagation channel characteristics for UAVs

from existing literature. Later, we present the AG channel measurements that we carried



out using the sub-6 GHz UWB radio signals in open area and introduce the propagation

channel model based on it. Analytical modeling of the received power and path loss based

on the antenna gain in the elevation plane is also provided for different AG propagation

scenarios. The analytical path loss results are compared with the measurement and ray

tracing simulation results. Subsequently, mmWave AG channel simulations were carried out

at 28 GHz and 60 GHz using the Wireless InSite ray tracing software in different propagation

environments. Channel characteristics in the temporal and spatial domains at different UAV

heights and corresponding environments can help in the future link budget design for future

public safety applications and 5G networks.

One of the major bottlenecks for mmWave propagation is the high free space path loss

and high penetration losses through different materials. In order to overcome this problem

in non-line-of-sight (NLOS) scenarios, we have introduced passive metallic reflectors of dif-

ferent shapes and sizes in order to enhance the coverage. We conducted indoor and outdoor

propagation measurements at 28 GHz using the PXI platforms from National Instruments,

and observed a median gain of 20 dB using a square sheet metallic reflector as compared

to no reflector for a given experimental environment. A comprehensive analytical modeling

of the end-to-end received power in the non-line-of-sight (NLOS) region using metallic re-

flectors is provided. The analytical results for indoor environments are compared with the

measurement and ray tracing simulation results. Moreover, a five-ray model for propaga-

tion through corridor and two-ray model for outdoor is proposed for mmWave propagation

at 28 GHz. The analytical model results are compared with measurement and ray tracing

simulation results.
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Chapter 1

Introduction

1.1 Background and Motivation

Wireless communications is considered to be one of the fastest evolving fields impacting every

aspect of our lives. In order to design a reliable wireless communication system, accurate

characterization of the wireless propagation channel has critical importance. In this chapter

we will overview our research efforts and contributions on channel propagation measurement

and modeling for emerging public safety communications and unmanned aerial vehicle (UAV)

communication scenarios. Subsequently, the later chapters in this report will provide more

technical details on our contributions.

1.2 UWB Propagation Channel Measurements and Mod-

eling for Hurricanes

There are existing UWB channel models available in the literature for indoor and outdoor en-

vironments [1,2]. However, to our best knowledge, there is no study available to characterize
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UWB channels in high wind and rain conditions. In [3–8] weather effects on communication

channel at different frequencies are discussed in controlled and outdoor environments with

different foliage concentrations. The wind speeds and rain intensities considered in these

studies are much lower than those encountered in a hurricane

We have carried out channel sounding of ultra-wideband (UWB) radio signals in hurricanes

generated from Category-1 to Category-4 based on Saffir-Simpson hurricane scale [9] at Wall

of Wind (WoW) facility in Florida International University (FIU). Time domain P410 radios

are used for pulse based channel sounding. The frequency range of operation is 3.1 GHz -

5.3 GHz. The empirical analysis of data in time domain is carried out in order to build

a statistical channel model for line-of-sight (LOS), and non-line-of-sight (NLOS) propaga-

tion paths considering the presence and absence of rain. A modified Saleh-Valenzuela (SV)

channel model is developed and its model parameters are extracted to characterize the mea-

surement data obtained from the FIU WoW for various scenarios.

1.2.1 Contributions

In this work, we have conducted UWB propagation channel measurements in different hur-

ricane conditions, which to our knowledge have not been studied in any earlier work in the

literature. The effects of wind velocity and wind driven rain (WDR) at different pressure head

regions are monitored in LOS and NLOS communication paths for Category-1 to Category-

4 hurricane conditions. Based on the measurements, a statistical UWB channel model for

hurricanes is developed. It is observed that during hurricane, with different wind velocities,

pressure heads, and WDR for LOS and NLOS paths introduce peculiar effects on the UWB

communications (large scale, small scale and MPC propagation). Our experimental results

show that we observe higher attenuation with rain compared to no rain, with attenuation

increasing with the wind velocity. However, for the NLOS scenario, there is negligible effect

of the wind velocity on the attenuation. Moreover, the lower pressure head regions experi-
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ence higher attenuation compared to higher pressure head regions. Similarly, the number

of multipath components (MPCs) reduce considerably with rain and with link obstruction.

The statistical channel model is found to closely fit the empirical data. The proposed model

can help in improved design of communications systems in hurricane conditions with heavy

winds and WDR.

1.3 A Survey of Air-to-Ground Propagation Channel

Modeling for Unmanned Aerial Vehicles

In this study, we discuss recent channel measurement campaigns and modeling efforts to

characterize the AG channel for UAVs. We also describe future research challenges and

possible enhancements.

1.3.1 Contributions

In this work, we have provided a comprehensive survey for AG propagation channels for

UAVs. The measurement campaigns in the literature for AG propagation were summarized,

with information provided on the type of channel sounding signal, its center frequency, band-

width, transmit power, UAV speed, height of UAV and ground station (GS), link distance,

elevation angle, and local GS environment characteristics. Air-ground channel statistics from

the literature were also provided. Various UAV propagation scenarios and important im-

plementation factors for these measurements were also discussed. Large scale fading, small

scale fading, multiple input multiple output (MIMO) channel characteristics and models,

and channel simulations were all described. Finally, future research directions and challenges

were discussed. We expect that more elaborate and accurate AG propagation measurement

campaigns and channel models will be developed in the future, and we hope this study will
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be of use in that regard.

1.4 UWB Air-to-Ground Propagation Channel Mea-

surements and Modeling using UAVs

The emerging interest in UAVs necessitates studying propagation characteristics for air-

to-ground (AG) UAV channels for link budget analysis and system design. To this end,

UWB signals [10, 11] enable very fine temporal resolution of MPCs, which makes it an

appealing technology for developing wideband propagation models. Large bandwidth of

UWB can also facilitate high data rates, better penetration through materials, and co-

existence with narrow band networks for UAV AG communications. However, there are

no comprehensive and dedicated UWB channel models for UAV AG propagation channels.

Current UWB propagation channel models developed for other scenarios [12,13] can not be

applied to the UAV AG channels due to different propagation environments. Similarly, there

are limited studies available in the literature on the antenna effects for the AG propagation

using UAVs [14–16]. To our best knowledge, there is no channel measurement study available

in the literature for UWB AG propagation that takes into account the antenna effects using

UAVs.

Therefore, we conducted UWB AG channel measurements and modeling in two phases.

In the first phase available in [17], we performed UWB UAV AG channel measurements

at Florida International University (FIU), Miami. The measurements were performed in

the frequency band 3.1 GHz - 5.3 GHz using omnidirectional antennas. Two propagation

terrains were considered: 1- Open field 2- Suburban. Three different propagation scenarios

were considered for each terrain. The channel measurements were used to characterize large

scale and multipath propagation characteristics. A statistical channel model is obtained

from the empirical measurements. In the second phase, a continuation of the work at FIU is
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carried out at Dorothea Dix Park, NC. However, only open field terrain was considered. The

main goal was to study the effects of antenna radiation pattern and antenna orientation on

the UWB AG propagation channel characteristics. Comprehensive channel measurements

were carried out in an open area in the LOS and obstructed line-of-sight (OLOS) paths due

to foliage. Different horizontal and vertical distances and two GS heights, when the UAV

is hovering and moving in a circle around the GS were considered. The orientation of the

antenna at the transmitter (TX) mounted on the UAV is varied to capture the effect of

planar electric field mismatch at the GS receiver (RX). Moreover, analytical modeling of the

received power and path loss based on the antenna gain in the elevation plane is also provided

for different AG propagation scenarios. The analytical path loss results are compared with

the measurement and ray tracing simulation results.

1.4.1 Contributions

In this work, extensive outdoor UWB AG channel measurements with UAVs have been

conducted in two phases (not available in the literature according to our knowledge). The

first phase conducted in Miami, FL, covered open field and suburban terrain. Based on the

empirical data, we have developed a statistical channel model for multipath, large and small

scale characterization of AG channels, which are shown to match closely with the empirical

data. We observed increase in the path loss with the height of the UAV mainly due to

smaller antenna gains at higher UAV heights. The path loss for the suburban scenario was

smaller compared to open area mainly due to additional MPCs from surrounding buildings.

Moreover, the motion of the UAV introduced additional attenuation compared to hovering.

In addition, the time of arrival (TOA) of MPCs were larger for the suburban area compared

to open area mainly due to reflections from the surrounding buildings. The TOA of MPCs

increased with the UAV height, thereby covering larger area and getting reflections from

additional scatterers.

5



The contribution of the second phase conducted in open field at Raleigh, NC, revealed

that the received power for UWB AG communications is found to be critically dependent

on the antenna gain in the elevation plane. This antenna gain in the elevation plane can

be modeled as a trigonometric function. Additionally, the antenna orientation mismatch

results in polarization misalignment and yields larger attenuation, root mean square delay

spread (RMS-DS), a larger number of MPCs, and smaller Ricean K-factor. Moreover, the

foliage between the communication link introduces additional attenuation, smaller K-factor,

and a larger number of MPCs. Overall, we observe larger number of power clusters when

the UAV is hovering compared to when it is moving. In addition, the SV model is found to

provide a better fit for the power delay profile (PDP) compared to single exponential model.

An analytical path loss model based on the antenna gain in the elevation plane is derived for

different AG propagation scenarios. The analytical path loss results have close match with

the measurement and ray tracing simulation results.

1.5 mmWave AG Propagation Channel Characteriza-

tion in Different Environments using UAVs

Use of millimeter wave (mmWave) bands can be very promising for UAV communications

to sustain data rate demands for high throughput mobile applications. In particular, UAVs

can maintain LOS connectivity (or at least a reasonable NLOS link) with a desired user by

hovering at a favorable location [18], which is crucial in maintaining a good link quality at

mmWave bands due to large path loss. A number of licensed/unlicensed mmWave bands

are potentially available for use in UAV communications: see e.g. FCC’s spectrum frontiers

report and order for bands above 24 GHz [19], and FCC’s amendment for use of 57-60 GHz

unlicensed band for outdoor communications [20]. However, there are no significant studies

available in the literature that cover mmWave AG propagation channel characteristics using
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UAVs.

In this work, we first analyzed the received signal strength (RSS) and RMS-DS of AG

propagation channel at 28 GHz and 60 GHz mmWave bands using ray tracing simulations.

The analysis is carried out for four different terrains: urban, suburban, rural, and over

sea. Each scenario has different number and height of the scatterers. The transmitter (GS)

location is at a fixed position, while the UAV that carries the receiver node flies over a

straight path. A single, omni-directional antenna is used for both the transmitter and the

receiver. The simulations are performed for different UAV heights for each scenario. The

velocity of the UAV is fixed at 15 m/s. In the second part, we explored the small scale

temporal and spatial characteristics at 28 GHz in different terrains.

1.5.1 Contributions

AG propagation channel characteristics using UAVs for different terrains at mmWave fre-

quencies are studied, which is not available in the literature to our best knowledge. In this

work, we provide ray tracing simulations for mmWave UAV AG propagation channels (not

available in the literature). Based on the simulation results, it is observed that the RSS

reasonably follows the two ray propagation model. On the other hand, the two ray propa-

gation model holds better at shorter transmitter-receiver separations; after some distance,

only the LOS component is the main contributor to the RSS, and contribution from the

ground reflected component is negligible. The reflections and diffractions from the scatterers

in the environment introduce fluctuations in the RSS that are dependent on the number and

height of the scatterers. In case of large number of high-rise scatterers such as in the urban

environment, there are rapid fluctuations in the RSS, and the two ray propagation model

cannot be directly applied. The effect of scatterers can also be observed from RMS-DS of

MPCs.
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In addition to RSS and RMS-DS characteristics of mmWave AG propagation channel using

UAVs, we explored the small scale and spatial characteristics for different terrains. It is

observed that the MPCs reaching the receiver along the UAV trajectory can be divided into

persistent and non-persistent MPCs. The small scale temporal and spatial characteristics of

the persistent components will be dependent on the geometry of the setup and will not vary

significantly along the UAV trajectory. On the other hand, these characteristics are mainly

dependent on the properties of the scatterers i.e. number, distribution and geometry for the

non-persistent components. These non-persistent components follow a birth/death process

along the trajectory of the UAV. Additionally, clustering of MPCs in the time and spatial

domain for different environments is found to be dependent on the scatterer properties and

receiver sensitivity. When the height of the UAV is comparable to the height of the scatterers,

we observe large temporal and angular spreads. Therefore, the design of radio transceivers

for mmWave AG propagation needs to take into account the specific channel characteristics

at different UAV heights in different propagation environments.

1.6 Coverage Enhancement for mmWave Communica-

tions using Passive Reflectors

With the opening of mmWave spectrum by FCC [21], researchers have been exploring the

realization of 5G communication networks and various public safety applications at mmWave

frequencies. However, a major bottleneck for mmWave propagation in the free space is high

attenuation that makes radio frequency planning in the NLOS very difficult. There are

numerous solutions available in the literature to address this problem.

A practical and economical solution for improving mmWave propagation in NLOS areas

for downlink communications can be realized by the use of passive metallic reflectors. The

reflection properties of metals are especially better at higher frequencies due to smaller skin
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depth [22] and smaller diffraction around the edges. This solution can be attractive due

to large life span, low maintenance cost, ease in interoperability, and low initial investment

costs when compared to repeaters, consisting of active elements.

1.6.1 Contributions

In this work, we have performed indoor measurements using different size and shape pas-

sive aluminum reflectors at 28 GHz in an NLOS scenario using National Instruments (NI)

mmWave PXI platform with directional horn antennas. The received power is observed to

improve for all the reflector shapes when compared to no reflector case. The received power

for flat square sheet reflectors is observed to be higher when compared to cylindrical and

spherical shaped reflectors. With 24× 24 in2 and 33× 33 in2 flat square sheet reflectors, we

observe a median power gain of approximately 20 dB along with better overall coverage on

the receiver grid. Whereas for cylindrical reflector, we observe more uniform power distri-

bution over the receiver grid. The measurement results are compared with the outcomes of

ray tracing simulations incorporating the diffuse scattering phenomenon. This work is not

available in the literature according to our knowledge.

A continuation of this work was performed in the outdoor settings between two buildings

at North Carolina State University using a 33 × 33 in2 flat square sheet reflector. It was

found that a metallic sheet reflector at a given orientation angle can provide significant

increase (19 dB) in the received power for a given NLOS scenario. A comprehensive analytical

modeling of the end-to-end received power in the non-line-of-sight (NLOS) region using

metallic reflectors is provided. The analytical results for indoor environments are compared

with the measurement and ray tracing simulation results.

9



1.7 Multiple Ray Received Power Modeling for mmWave

Propagation

The millimeter wave (mmWave) frequency bands are expected to be used for future 5G

networks due to availability of large unused spectrum at these frequencies. However, due to

high attenuation at mmWave frequencies, the antenna gain plays a critical role in coverage

enhancement. Moreover, the propagation characteristics for mmWave are strongly dependent

on the antenna radiation pattern. In this work, we explore the effect of the antenna gain

and respective beamwidths in the azimuth and elevation planes on the received power during

propagation in indoor corridor and open area. This work helped us to better understand

and model the mmWave propagation in geometrically closed and open environments.

1.7.1 Contributions

The received power for indoor corridor is modeled using dominant five ray model. For the

open area, the received power is modeled using a two ray model. The reflected rays are

modeled to have larger antenna gain as the distance from the transmitter increases. This

results in smaller path loss compared to free space for both indoor corridor and outdoor

open area. The analytical modeling results are compared with measurements carried out at

28 GHz using PXI channel sounder and two horn antennas with different gains. It is observed

that a larger number ray modeling provides a better fit for the received power when the

beamwidth of the antenna is large. The ray tracing simulations are also carried out in the

similar environments and the results are compared with analytical and measurement results.

In the rest of the report, we explain in detail the techniques applied and challenges faced in

implementing the above research work. The remaining chapters of the report are organized

as follows: In Chapter 2, we provide UWB channel sounding and modeling during hurri-
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cane, in Chapter 3, we discuss the UAV AG propagation channel characteristics, Chapter 4

covers the UWB AG propagation channel measurements and modeling for different antenna

orientations, in Chapter 5, we investigate UAV AG propagation channel characteristics in

different propagation environments at mmWave frequencies, Chapter 6 covers the use of pas-

sive reflectors for mmWave propagation at 28 GHz to enhance the coverage in NLOS areas,

and finally Chapter 7 introduces multiple ray modeling for mmWave propagation for indoor

corridor and outdoor scenarios.

1.8 Publications

One of the above works has been published in a peer reviewed journal [23], and another

has been accepted for publication in a peer-reviewed journal [24]. Two works have been

submitted to peer-reviewed Journals and are currently under review [25, 26]. One work

is currently in preparation for submission to a peer-reviewed letter [27]. Moreover, seven

conference proceedings [28–34] have been published. The author has jointly worked as co-

author in five other relevant studies [35–39]. The author has also two additional conference

papers [40, 41] from the preliminary studies at the beginning of his PhD.
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Chapter 2

UWB Propagation Channel

Measurements and Modeling for

Hurricanes

In this chapter, we discuss the channel sounding of UWB radio signals carried out during hur-

ricanes generated from Category-1 to Category-4 based on Saffir-Simpson hurricane scale [9]

at WoW facility in Florida International University with the set up shown in Figure 2.1.

Time domain P410 radios are used for pulse based channel sounding. The empirical analysis

of data in time domain is carried out in order to build a statistical channel model for LOS,

and NLOS propagation paths considering the presence and absence of rain.
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Figure 2.1: UWB channel measurement setup at Florida International University (FIU), Wall of Wind
facility.

2.1 UWB Propagation Channel in Hurricanes

2.1.1 UWB Channel Sounding at FIU WoW

In this section we summarize the experimental set up at FIU WoW shown in Figure 2.1. The

configuration of three measurement links with respect to the wind generator is illustrated

in Figure 2.2(a). In below, we will first overview the UWB measurement equipment and

the UWB channel sounding procedures. Subsequently, hurricane generation setup will be

described and we will overview the different link configurations we consider for UWB channel

sounding.

Time Domain P410 radios in bi-static mode are used in channel measurements due to their

ease of setting up and efficiently measuring the channel response in a concise space. The

operating frequency range for the experiment is 3.1 GHz - 5.3 GHz. The transmitted power

from the radio was limited to -14.5 dBm due to FCC requirements [10]. The radios are

configured to send pulses at a rate of 10.1 MHz and for a scan duration of 100 ns. The width

of each pulse is 1 ns.
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A pseudo-random (PR) coded pulse train sequence along with clock information is sent via

packets to provide synchronization between the TX and RXs eliminating the requirement for

a physical connection between the TX and the RX. The PR encoded pulses in the acquisition

preamble of the transmitted packet are used to detect and lock the transmitted data at a

given receiver. The synchronization clock information is sent from the TX to RXs through

transmitted packets helps in coherent operation at the receiver. The rake receiver [42] is

used to collect the energy in the transmitted waveform at a sampling resolution of 61 ps at

the receiving radios.

UWB BroadSpec planar elliptical dipole antennas are used in the experiment. The antenna

pattern is omni-directional in azimuth direction and doughnut shaped in the vertical direction

with gain of 3 dBi. The antennas are placed such that the bore-sight of the TX and the

RX antennas face each other giving higher gains [43], as shown in Figure 2.2(b). The raw

received and reconstructed pulses for an example realization are shown in Figure 2.3(a)(i).

In order to obtain reconstructed pulses, the template waveform is convolved with the CIR

given in Figure 2.3(a)(ii). The CIR is obtained by deconvolving the received pulses with the

template waveform using CLEAN algorithm. The horizontal blue line in Figure 2.3(a)(ii) is

the amplitude threshold set at 10% of the input signal. We have used raw received pulse

data in our analysis.

2.1.2 Hurricane Generation Setup

At the FIU WoW, 12 fans are used to simulate winds representing Category-1 to Category-5

hurricanes [9]. We limited our experiments up to Category-4 hurricane due to limitations of

the communication and relaying equipment. Rain is produced through water nozzles placed

alongside the fans, and the rain intensity in our experiment was set at 223.5 mm/h. There

is no specific hurricane scattering model available for the experiment and will be dependent

on the droplet size distribution (DSD) and rain rate for a given wind speed as discussed
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      (a) 
 

                                 

      (b) 

Figure 2.2: (a) Layout of UWB channel sounding scenario at FIU WoW, (b) Bore-sight placement of UWB
BroadSpec antenna on P410 radio.

in [44]. Special measures were taken in order to protect the communication and data storage

equipment from hurricane effects (wind and WDR), and for controlling the measurement
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equipment from a safe location.

The wind pressure due to velocity and density of wind flow at a given spatial location is

called pressure head. The density of wind is considered to be constant along our observation

length. From Figure 2.2(a), the position P2 will be under lower pressure head as compared

to P1 according to Bernoulli equation along a streamline [45]. This means that radios at

P2 will be exposed to higher wind gusts as compared to at P1. In case of WDR, due to

non-uniform motion of water droplets, a plausible assumption is the formation of large sized

droplets due to smearing in to each other at higher wind velocities [46]. These large sized

water droplets have higher likelihood to interfere with the electromagnetic (EM) waves. Due

to large frequency band of the EM wave in the experiment, different frequency components

will experience different attenuation due to scattering, refraction and diffraction during rain.

Three receivers are placed at equal distance from the TX at 12 m as shown in Figure 2.2(a).

The LOS radios are at position P1 and P2, and a NLOS path is created by placing a wooden

building structure of height 2.76 m between the TX and the RX at position P3. The height

of the TX and RXs is kept same at 1.5 m. Two scenarios are studied for each receiver radio

position labeled as S1 and S2. In S1, we have no rain, whereas in S2, we have rain. In both

scenarios, the wind velocity is varied from 90 mph to 140 mph in six discrete steps. To reduce

the impact of static objects in the environment, we subtracted the mean statistical CIR at

each radio positions without hurricane conditions from the measured ones in hurricane.

2.2 UWB Channel Modeling for Hurricanes

In this section, a statistical channel model for UWB radio signals in the frequency band 3.1

GHz - 5.3 GHz is developed for LOS and NLOS paths in hurricane based on the empirical

data. We use modified SV channel model [47] for the representation of our UWB channel.

The UWB channel in our analysis is considered to be linear time invariant with frequency
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selective fading.

2.2.1 Multipath Components Analysis

UWB channel can be characterized based on its MPCs obtained from its CIR:

H(n) =
N∑
i=1

L∑
l=1

ai,l exp(jφi,l)δ(n− Γi − τi,l), (2.1)

where H(n) is the discrete UWB channel response in time domain, L is the total number of

MPCs in the ith cluster, N represents the total number of clusters during the scan interval,

ai,l, φi,l, τi,l represent the amplitude, phase and delay of the lth MPC in the ith cluster,

respectively, and Γi is the delay of the ith cluster. The phase is a uniformly distributed

random variable in the interval [0 2π], thus it can be neglected.

The PDP obtained using CIR in the LOS case is shown in Figure 2.3(b). The formation

of major clusters is due to reflection of the MPCs from objects of size comparable or larger

than 13 cm. We identify clusters in the PDP using our cluster identification algorithm

that is based on the covariance likelihood of the samples of the PDP. The gain amplitudes

of MPCs from measurements better fit to the lognormal distribution instead of Rayleigh

distribution in the SV model. The amplitudes of channel coefficients can be represented as

ai,l = eZ ∼ LN (µai,l
, σ2

a) where Z is a normally distributed random variable with mean µai,l

and variance σ2
a, respectively.

The TOA of clusters and MPCs within each cluster follows two separate Poisson processes.

For a given radio position if γ and ζ represent the arrival rate of cluster and MPCs within

each cluster, then we have [2, 47]:

p(Γi|Γi−1, γ) = γ exp(−γ(Γi − Γi−1)) , (2.2)

p(τi,l|τi,l−1, ζ) = ζ exp(−ζ(τi,l − τi,l−1)) . (2.3)
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       (b) 

Figure 2.3:
(
a
)

(i) Normalized amplitude of pulses with respect to time for a given scan (blue represents
received pulses and red represents reconstructed pulses), (ii) Normalized CIR with respect to time for a given

scan;
(
b
)

Normalized PDP with respect to delay for a given scan.

If Γ and τ represent the mean arrival time of clusters and MPCs within each cluster, respec-

tively, then the effect of wind velocity and WDR can be characterized as

Γ = (1 + cc)Γb, τ = (1 + cm)τb , (2.4)
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where 0 ≤ cc < 1 and 0 ≤ cm < 1 are arbitrary constants that are dependent on the rain

and pressure head, cc > cm, while Γb and τb are the mean arrival time of clusters and

MPCs within respective clusters for the base case without hurricane. The variation in the

mean arrival time of cluster and MPCs within them is represented by two random variables

Xc ∼ N (0, σ2
c ) and Xm ∼ N (0, σ2

m), respectively.

If the mean number of clusters at a given receiver radio position is represented by N , then

we have N = (1 +
cjcp
cr

)Nb for j = 1, 2, 3, cj ≥ 0 is a constant for given receiver radio

position in hurricane, cp > 0 and cr > 0 are constants proportional to pressure head and

rain, respectively, and Nb is the mean number of clusters for the base case without hurricane.

If XN is the random variable representing the variation in the mean number of clusters for a

given radio position, then we have XN ∼ N (0, σ2
N

). The formation of clusters is dependent

on the channel conditions e.g. during rain we have reduced reflectivity from objects and also

EM waves experience higher dielectric constant and loss tangent of water as compared to air

resulting in higher attenuation of MPCs and formation of fewer number of clusters.

2.2.2 Power Delay Profile

The PDP can help to characterize power distribution in a given channel as a function of

propagation delay. We will consider the general case of non-overlapping clusters as basis for

our analysis, where the PDP can be written as [2, 47]:

P (n) =
N∑
i=1

P i
mp(n) exp

(
− Γi

Λ

)
δ(n− Γi), (2.5)

P i
mp(n) =

L∑
l=1

E(a2
i,1) exp

(
− τi,l

λ

)
δ(n− τi,l), (2.6)

where P (n) denote the PDP for N clusters, P i
mp(n) is the PDP for MPCs of ith cluster, while

Λ and λ are the power decay constants for inter-cluster and intra-cluster, respectively, and
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E(a2
i,1) is the average power corresponding to first MPC of the ith cluster. The decay constant

for inter-cluster case is larger than the intra-cluster case, i.e., Λ > λ. We can represent the

variation in P (n) and Pmp(n) from (2.5)(2.6) by two zero mean normally distributed random

variables XP ∼ N (0, σ2
P) and Xmp ∼ N (0, σ2

mp), respectively.

WDR effect on PDP

The PDP will get affected from the WDR due to the phenomenon that will be discussed

in further detail in Section 2.4.2. If P nr(n) represents the PDP with no rain and P rn(n)

represent the PDP in the presence of WDR then we have P (rn)(n) = βP (nr)(n) +XR, where

0 < β < 1 is an attenuation constant due to WDR. XR ∼ N (0, σ2
R) is a random variable

introduced due to WDR.

PDP for NLOS Path

The effect of wind velocity and WDR are more dominant on the NLOS path as compared

to LOS due to long propagation path, absence of dominant power component, and more

scattered energy distribution. Let P LOS(n) represents the PDP for LOS and PNLOS(n) is the

PDP for NLOS; then we have

P LOS(n) =


B0 if ∀ Γi, i = 1

PNLOS(n) if ∀ Γi, i 6= 1

, (2.7)

PNLOS(n) = P LOS(n)−B0, (2.8)

where B0 represents the cluster energy due to LOS component. This component is absent in

the NLOS case, where the energy is distributed into multiple smaller energy clusters without

a dominant energy cluster.
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2.2.3 Large and Small Scale Fading Parameters

We consider that the TX and the RXs are static, and only wind velocity and WDR are the

main sources of variation in the channel. Large scale fading is considered as a measure of

attenuation in the received energy during hurricane conditions as compared to a reference

energy. From the empirical data, the empirical attenuation due to wind and WDR can be

written as

Ae(v) = 10 log10

∑
∀n P

v0 [n]∑
∀n P

v[n]
, (2.9)

where P v[n] is the PDP at distance d and wind velocity v for a discrete sampling instance n

of a scan. On the other hand, P v0 [n] is the PDP at sampling instance n of a scan at d = 12

m, wind velocity v0 of 1.86 mph, ambient temperature of 25◦C and standard air pressure of

10.135 N/cm2. The
∑
∀n P

v[n] represents total energy for different scans in each scenario for

wind velocity v, while
∑
∀n P

v0 [n] represents total energy for different scans of the reference

scenario.

We use linear regression to obtain large scale fading parameters for LOS, NLOS paths as

follows

Aw(v) = Aw0 + αv +XA, (2.10)

where Aw(v) is the attenuation as a function of wind velocity in the presence and absence of

rain at a given distance d between the TX and the RX, Aw0 is the regression constant, and

α is the slope of the linear regression, which depends on WDR and pressure head, XA is a

random variable representing the variations as noise in Aw(v) given as XA ∼ N (0, σ2
A).

The large scale fading parameters that fits into the model developed in this section using

the empirical results that will be discussed in further detail in Section 2.3.1 are provided in

21



Table 2.1: Large scale fading parameters.

Param. P1, S1 P1, S2 P2, S1 P2, S2 P3, S1 P3, S2
α 0.182 0.122 0.15 0.06 −0.01 −0.005

Aw0(dB) −11.7 −1.9 −5.5 9.73 23 25
σA(dB) 12.39 10.09 13 11.53 18.32 16.75

Table 2.2: Small scale fading parameters.

Param. P1, S1 P1, S2 P2, S1 P2, S2 P3, S1 P3, S2
µmf(dB) −2.69 −2.96 −2.47 −3.25 −2.55 −2.92
σmf(dB) −25.2 −25.7 −27.2 −31.5 −20.5 −19.9
µsc(dB) 0.92 2.28 1.29 −3.07 −9.21 −10.6
σsc(dB) 1.21 6.26 −1.75 −3.85 −16.5 −27

Table 2.1.

Small scale fading for UWB signals in hurricane is due time dispersion of MPCs. There is

no Doppler spread present due to static position of the TX and the RXs. The small scale

fading amplitudes are better fitted with Nakagami distribution given as

F (y;m,Ω) =
2mmy2m−1

Γ(m)Ωm
exp

(−my2

Ω

)
, (2.11)

where m is the shape factor for Nakagami distribution, Ω represents the spread controlling

factor, and Γ(m) represents the Gamma function. If W represents the random variable

W ∼ Nakagami
(
m,Ω

)
, then, we have [48], m = E2[W 2]

Var[W 2]
, Ω = E[W 2], where the Nakagami-m

factor is log-normally distributed. Mean and variance of Nakagami-m factor are represented

by µmf and σmf , respectively, while the mean and variance of spread controlling factor Ω are

represented by µsc and σsc respectively. The small scale fading parameters obtained from

empirical results that fit the model described above are provided in Table 2.2.

In case of LOS, the Nakagami-m distribution can be approximated with a Ricean distribu-

tion [49] given as

m ∼=
(K + 1)2

2K + 1
, G(y) =

y

A0

e
y2+x2

2A0
I0

yx
A0 , (2.12)
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where K = 10 log10

(
x2

2A0

)
, is the Ricean K -factor representing the ratio between power

of LOS component to the scattered components, G(y) represents the Ricean distribution

with A0 representing the power in the diffuse MPCs, x2 is the power in the dominant LOS

component, and I0 is the 0th order Bessel function. The power in the diffuse component A0

in the hurricane conditions can be represented as

A0 = Ab(cr0br0 + cp0bp0 + cw0vw0) +XA0 , (2.13)

where Ab is the diffuse power of the base case, cr0 ≥ 0, cw0 ≥ 0 are constants proportional to

WDR, and wind velocities respectively, cp0 ≥ 0, is a constant that has higher value for lower

pressure head regions and vice versa, br0, bp0, and vw0 are the coefficient values for respective

constants, where br0 = [0,1] and bp0 = [0,1], representing either absence or presence of rain

and lower pressure head respectively, and vw0 = [90:10:140] in our case, and XA0 ∼ N (0, σ2
A0)

is a Gaussian distributed random variable. We use linear least square error to calculate the

values of the constants and distribution of XA0 in (2.13) as follows:

[cr0 cp0 cw0]T =
24∑
ii=1

3∑
jj=1

(MT
ii,jjMii,jj)

−1MT
ii,jj(A0 − Ab), (2.14)

where M is a matrix that contains the values [br0 bp0 vw0].

The variation of power for diffuse and direct components in different scenarios averaged

over scans is represented as XDf ∼ N (µDf , σ
2
Df) and XDr ∼ N (µDr, σ

2
Dr) respectively. The

variations in K -factor is represented by XK ∼ N (µK, σ
2
K). In case of NLOS, K = 0 and

the Ricean distribution converges to Rayleigh distribution. Based on the measurement data

that we collected, the model parameters extracted for the three link scenarios in Figure2.2(a)

considering the presence and absence of rain are summarized in Table 2.3.
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Table 2.3: Channel model parameters. Scenario S1 is for no rain, while S2 is with rain. Receiver locations
P1 and P2 (closest to wind turbine) are for LOS links, while P3 is for an NLOS link.

Param. P1, S1 P1, S2 P2, S1 P2, S2 P3, S1 P3, S2

N 5.2 4 3.33 3.1 1.67 1.67
γ(1/ns) 0.11 0.06 0.043 0.027 0.017 0.017
ζ(1/ns) 16.32 12.6 9.32 5.61 2.33 0.3
Λ(ns) 2.3 2.45 2.38 2.47 1.72 1.86
λ(ns) 0.8 0.91 0.82 0.85 0.54 0.61
σa(dB) 23.14 21.22 21.56 18.51 15.12 13.2
σN 1.59 .98 .836 .837 .53 .516

σc(ns) 16.4 34.5 43.93 49.47 51.63 52.14
σm(ns) 0.287 0.268 0.277 0.265 0.28 0.253
σP(dB) 21.3 20.1 20.03 19.72 17.41 14.1
σmp(dB) 55.14 38.44 33.22 26.77 20.17 15.22
σR(dB) − 5.77 − 6.39 − 7.31
σA0(dB) 28.97 10.45 8.44 .219 6.46 .959
σDf(dB) 18.83 17.79 17.6 15.3 12.78 11.45
µDf(dB) 16.19 15.17 15.28 13.54 11.78 10.9
σDr(dB) 11.53 10.97 10.64 9.6 − −
µDr(dB) 33.3 31 30.7 27.86 − −
σK(dB) 14.64 14.5 11.2 6.44 − −
µK(dB) 17.69 14.43 16 13.79 − −

2.3 Empirical Results

This section provides an analysis of large and small scale fading and the statistics of the

MPCs, based on the UWB propagation experiments at FIU WoW as described earlier in

Section 2.2.3. After collecting the data at FIU WoW, post processing of the measurement

data is carried out in Matlab.

2.3.1 Large and Small Scale Fading Analysis

Large scale attenuation in our case is a measure of reduction in the received energy during

hurricane conditions. Large scale fading for different radio positions and respective scenarios

as a function of wind velocity, based on (2.9) and (2.10), is shown in Figure 2.4. Results

show that in general, higher attenuation is observed at higher wind speeds for LOS scenarios,
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Figure 2.4: Large scale attenuation at different wind velocities for radio positions (a) P1 (LOS), (b) P2
(LOS), (c) P3 (NLOS).

while for NLOS scenarios no critical impact of wind speed is observed. Comparison of our

results with related literature [3, 4, 7] indicates that we observe higher attenuation in our

experiment, which may be due to following reasons.

First, change in the ambient conditions under different wind velocities can lead to attenuation

without rain. This is due to ambient noise that varies with wind flows and pressure heads.

At P2, we have lower pressure head that introduces higher wind gusts. Also, at P2, we

observe bouncing and scattering of strong wind currents from the obstacle. This results in

additional ambient noise at P2 due to exposure to more agitated molecules resulting in more

attenuation.

Second, the mechanical turbulences of communication, tie down and relaying equipment

introduces variations in the received power. The highest mechanical turbulences are experi-

enced by the exposed antennas. With TX and RXs at same height, we observe additional

attenuation due to non-alignment of the bore-sight of antennas [43]. Another reason is the

limitation of the communication equipment itself. For a given receiver sensitivity, a reduction

in the SNR due to ambient noise and mechanical turbulences during hurricane conditions

causes the packets to be dropped at the receiver. This implies a more lossy channel.

Finally, in case of WDR, the wind intensity we considered is much higher than considered
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Figure 2.5: Probability density function of small scale fading amplitudes for wind velocity v=90 mph for
different radio positions and respective scenarios.

in the literature [3,7]. This high intensity rain driven by high wind velocities form a kind of

water wall between the TX and the RX. Due to higher dielectric constant and loss tangent

of the water as compared to rain, we observe additional attenuation during rain. This at-

tenuation is accompanied by scattering, refraction and diffraction of EM waves and higher

ambient noise from water droplets that depends on the droplet size distribution. Addition-

ally, the accumulation of water on different surrounding objects result in reduced reflections

of incident EM energy due to absorption.

In case of NLOS measurements in Figure 2.4(c), we have higher attenuation as the energy is

compared with the standard LOS path scenario. In addition to the effects explained above,

the absence of dominant LOS component results in more attenuation as compared to LOS.

The probability density function (PDF) of small scale fading amplitudes at different radio

positions and respective scenarios is shown in Figure 2.5 for wind velocity of 90 m/s. A

general trend is that with WDR, there is decrease of mean and variance of the PDF for both

LOS and NLOS paths. This reduction is higher for P2 as compared to P1 for the LOS path.

We can deduce that with rain and low pressure head, we expect more attenuation and lower

small scale amplitude fluctuations. The mean and variance of the LOS path is greater than
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Figure 2.6: Number of significant MPCs above threshold averaged over scans for different radio positions
and corresponding scenarios (normalized to the number of significant MPCs for no rain scenario at P1).

the NLOS path. This is validated by the Nakagami-m factor and spread controlling factor Ω

mean and standard deviation values represented by µmf , σmf and µsc, σsc, respectively, given

in Table 2.2. It can be observed that for NLOS, the distribution fits closely to Rayleigh.

Similar results are obtained for other wind velocities.

2.3.2 Multipath Channel Analysis

The MPCs from empirical data are analyzed to determine the behavior of the channel and

validate the stochastic model developed in Section 2.2. Significant MPCs are characterized

to have amplitude greater than the threshold set at 15% of the maximum amplitude for a

given scenario as shown in Figure 2.6. It can be observed that number of significant MPCs

are affected by radio position and rain in case of LOS due to the effects discussed earlier

resulting in weakening of MPC amplitudes especially during rain. In case of NLOS, we

observe higher reduction as the arriving MPCs are weak. The multipath statistical channel

parameters obtained from empirical data, that fit the model for MPCs propagation through

hurricanes, developed in Section 2.2 are given in Table 2.3.
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Figure 2.7: K-factors for different wind velocities at different radio positions (a) P1 (no rain), (b) P2 (no
rain), (c) P1 (rain), (d) P2 (rain).

The Ricean K-factor plot for the LOS path averaged over multiple scans is shown in Fig-

ure 2.7. From (2.13), a decrease in K -factor is observed with the increase in the wind

velocities similar to [4] and [8], especially in case of WDR. It can be observed that there is

less effect of pressure head on the K-factor without rain, as the dominant LOS component

is less affected by wind velocities as shown in Figure 2.7(a) and Figure 2.7(b). The K-factor

remains almost constant and changes significantly only at 140 mph indicating that ratio of

dominant LOS component power and diffuse components power remains proportional except

at 140 mph where the dominant LOS component power has reduced significantly. In case

of WDR shown in Figure 2.7(c) and Figure 2.7(d), we observe a significant reduction in the

K-factor at 110 mph indicating that due to rain the dominant LOS component is reduced

earlier as compared to no rain. For the rest of the wind velocities, the K-factor remains

same indicating that there is proportional reduction in the dominant LOS component and

diffuse component.

The cumulative distribution function (CDF) plot for TOA of the significant MPCs for differ-

ent wind velocities at respective receiver radio positions and scenarios is shown in Figure 2.8.
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Figure 2.8: TOA of MPCs at different wind velocities for (a) P2 (No rain), (b) P3 (No rain), (c) P2 (Rain),
(d) P3 (Rain).

It can be observed that TOA of significant MPCs is affected by WDR, pressure head and

LOS/NLOS path. The TOA of the MPCs in case of radio at location P1 shows more uniform

TOA and higher variance of significant MPCs, due to larger number of significant MPCs

that are above threshold in this case.

In case of WDR, we observe fluctuations in the arrival of significant MPCs (2.4) at different

wind velocities. This becomes more evident in case of radio position P2 and P3. A plausible

reasoning for this behavior is due to the WDR effects that will be discussed further in

Section 2.4.2. Additionally, due to change in reflective properties of ground and objects in
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the surrounding after accumulation of water, we expect change in the TOA of the MPCs.

This effect is more at low pressure head P2, due to additional ambient noise. In case of

NLOS, due to reduced number of significant MPCs arrival at the receiver, a more stepwise

CDF can be observed.

2.4 Impact of Wind and WDR on Radio Propagation

In major hurricanes, the two important factors directly affecting the communications are high

speed winds and WDR. In this section, based also on the results presented in the previous

section, we will provide a review of the wind and WDR effects on the UWB propagation

channel during a hurricane, considering our experimental setup in Figure 2.2(a).

2.4.1 Wind Characteristics in Hurricanes

The wind is the main driving force that characterizes the effects of a hurricane. Considering

a hurricane scenario, the relation between the air velocity, its density, and pressure is given

by [50]

v = c1

√
p

ρ
, ρ =

c2Pa

Tw

, (2.15)

where v is the velocity of wind, c1 and c2, are constants, p is wind pressure, and ρ is density

of wind. p is called the pressure head, Pa is the atmospheric pressure, and Tw is the wind

temperature.

Definition 2.1. The pressure of wind due to its velocity and density at a given point (2.15)

is called the pressure head.

The wind flow in our experiment is similar to horizontal fluid motion along a streamline
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given by the Bernoulli equation as follows

0.5ρv2 + ρgh+ p = constant, (2.16)

where g is the gravitational acceleration and h is the height of a wind column. Considering

horizontal wind flow, the value of ρgh representing gravitational potential energy per unit

volume will be constant along our length of observation and can be ignored. Let d1 and d2

be the two observation distances from the narrow contraction opening labeled as P1 and P2,

respectively, as in Figure 2.2(a), where d1 > d2 then (2.16) can be written as

0.5ρ(1)v2
1 + p(1) = 0.5ρ(2)v2

2 + p(2), (2.17)

where ρ(1), ρ(2), v1, v2, p
(1), p(2) are wind densities, velocities and pressure heads at d1 and d2,

respectively. In our case, the density of wind remains constant along the observation length.

At P2, we observe lower pressure head as compared to P1 i.e. p(1) > p(2) resulting in stronger

wind gusts and intensities at P2 as compared to P1.

The two salient features of wind during a hurricane are its kinetic energy, and mass per

unit time observed across a given sectional area that dictates its flow pattern. Due to lower

pressure head at P2, we observe higher kinetic energy of gas molecules of wind at P2 as

compared to P1. The mass per unit time flowing through a given cross-sectional area Aa

given by mw = vAaρ is higher at P2 as compared to P1 considering constant ρ along our

observation length. This is due to lower pressure head and bouncing and diffraction of air

from the obstruction placed in the path of wind flow. The overall result is that radio at P2

is exposed to more agitated wind and gas molecules as compared to P1 [51].

Remark 1. The position P2 is exposed to higher concentrations of agitated gas molecules of

wind without rain and water molecules in case of rain as compared to P1. This will result in

higher ambient noise and mechanical turbulences at P2 as compared to P1.
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2.4.2 WDR Characteristics in Hurricanes

In case of WDR, size of droplets, their number, and velocity have effects on the EM radia-

tion propagation. The attenuation due to rain for different water DSD, is available in the

literature [52–54]. In these studies, the velocity of the droplets called the terminal velocity

is the one experienced by the droplet due to gravity. In our experiment, we do not have

terminal velocities, as the motion of the droplets is due to horizontal wind flows. In addition,

the velocities acquired by droplets driven by wind are much more higher than reported in

the literature.

There are two main affects associated with highly mobile water droplets in our experimenta-

tion. These are the resistive force experienced by the droplet in air during motion (frictional

drag) and kinetic energy of droplets due to wind. The drag experienced by a droplet in

motion through air is given by Fair = 1
2
ρAdCvr, where Ad is the cross-sectional area of the

droplet, C is the drag coefficient, and vr is the relative velocity of the droplet with respect

to air. Then the total drag on the droplet in motion is

Fd = mdad −
1

2
ρAdCvr, (2.18)

where md and ad are mass and acceleration of the droplet, respectively. Due to random

distribution of droplet sizes inside the air envelope, we expect different drags experienced by

individual droplets in motion.

The kinetic energy of the droplet with a given DSD M(D) is given as [28]

Ek = π
ρd

6

ˆ
M(D)D3v2

h(D) dD, (2.19)

where Ek is kinetic energy of the droplet, ρd is the density of water droplet, and vh(D) is

the velocity of the droplet in the horizontal direction imparted by the wind. At different
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generated wind velocities, the kinetic energy and drag experienced by each droplet will

be different, imparting different relative velocities among the droplets. This increases the

probability of smearing of droplets into each other especially at higher wind velocities and a

plausible assumption is the formation of large sized droplets leading to a broader DSD [52].

The large sized droplets have more probability to interfere with the transmitted EM wave.

Remark 2. In case of WDR in a hurricane, higher wind velocities increases the likelihood

of large sized and sharply skewed droplets. These large sized water droplets have higher

probability to interfere with EM wave at different frequencies in the UWB. Additionally, the

water droplets with high kinetic energy present high vibrating and agitated water molecules

to the communication path. The overall effect will be scattering, refraction and diffraction of

the EM wave and high ambient noise.

Scattering of EM Waves in WDR

In WDR, the effect of scattering is more prevalent as compared to diffraction and refraction.

The effect of scattering can be explained by Mie scattering [55] due to size of the interfering

droplets. The EM waves incident on a water droplet in motion can be divided into incident

and scattered components [56] as follows

E = Ei + Es, H = Hi +Hs, (2.20)

where E, H are the total electric field and magnetic fields incident on the droplet whose

shape is approximated to a sphere, while Ei, Hi and Es, Hs are the incident and scattered

electric and magnetic field components, respectively. The scattered energy from the droplets

will be

Us = 0.5

‹

S

Re[Es ×Hs]udS, (2.21)
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where S is the surface area of the droplet, u is the unit normal vector, perpendicular to the

droplet’s surface and Us is the energy of the scattered wave as it collides with the water

droplet. The rest of the energy is carried in the incident component. The scattered energy is

distributed randomly in space. With Mie scattering assumption, we expect major scattering

in the forward direction especially when the size of droplet is large.

Remark 3. During WDR in a hurricane, some part of EM wave energy is scattered into

arbitrary directions on collision with water droplets. This phenomenon is dependent on the

DSD, internal energy of the droplets and the rain intensity.

Refraction of EM Waves in WDR

Since refractive index of water is different from air, we will observe refraction phenomenon.

This will result in change in direction of propagation of the EM wave when incident on

water droplet as the newly formed wavefronts will have smaller radii when entering from air

to water. Effects of refraction can be explained using Huygen’s principle [57].

Remark 4. Due to refraction of EM waves from water droplets in a WDR during a hurri-

cane, we will observe change in the propagation direction of the EM waves leading to larger

path delays.

Diffraction of EM Waves in WDR

In order to explain diffraction of EM waves from the water droplets, we consider water

droplets acting as slits through which EM wave will get diffracted. If ds is the width of the

slit, modeled by a random variable with distribution M(D), then we can have ds sin θs = λb,

where θs is the angle of the diffracted ray from the slit, and λb is the wavelength band of

the incident EM wave. This results in destructive interference on the receiver side from
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multiple diffracted rays through water droplets acting as slit whenever the above condition

is true. The effect of diffraction is more when the droplets are sharp edged and their size is

comparable to the wavelength band of the EM wave.

Remark 5. Due to diffraction of EM waves from water droplets in WDR during a hurricane,

we will observe cancellation and reinforcement of MPCs due to destructive and constructive

interference. This will depend on the water droplet DSD.

Polarization Effects in WDR

The TX and the RX antenna are both vertically linearly polarized. In case of LOS path,

the polarization of the EM wave is effected due to scattering from the rain droplets. On

interaction of the EM wave with the rain droplet, some part of the incident energy will be

subject to diffuse scattering as given in (2.20), (2.21). Some part of this diffuse-scattered

energy (may be modeled using Lambertian or Directive model) will be cross-polarized, which

will not be captured by the receiver. The cross-polarized components may get co-polarized

after additional reflections and can then be collected at the receiver. Additionally, due to

swinging of antennas because of wind, we expect polarization mismatch, resulting in loss of

received signal power.

For NLOS paths, the scattering (in addition to those introduced by the rain droplets) will

be due to reflections from the surrounding objects. Due to large wavelength of the EM wave

as compared to the size of most of the objects in the surrounding, the diffuse scattering that

results in change of polarization will be small.

In summary, the overall impact of WDR during a hurricane is the variation in the TOA and

the attenuation of the MPCs. These effects are more pronounced for NLOS communications

due to larger path lengths experienced by the EM waves.
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Chapter 3

A Survey of Air-to-Ground

Propagation Channel Modeling for

UAVs

Use of commercial UAVs has recently seen exceptional growth that is forecast to continue in

the near future. The benefits of easy operability, multiple flight controls, high maneuverabil-

ity, and increasing payload weight of currently available UAVs have led to their introduction

into many real time civilian applications including remote surveillance, filming, disaster re-

lief, goods transport, and communication relaying, not to mention recreation. According

to statistics provided by the market research company Tractica, the shipment of commer-

cial UAVs units is expected to reach 2.7 million in 2025 with the services offered rising to

$8.7 billion in the next decade [58].

UAVs are also termed unmanned aerial systems (UAS), and commonly known by the term

“drones.” These aircraft can vary in size from small toys that fit in the palm of a human

hand (where the “unmanned” designation is unnecessary) to large military aircraft such as

the General Atomics MQ-9 Reaper (commonly termed Predator) [59], with a wingspan over
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15 meters. The small, battery powered toys generally can fly for up to 15 minutes, whereas

the larger UAVs are designed for long-endurance (30 hours), high-altitude operations (higher

than 15 km).

In this study, our focus is on the smaller UAVs. Various organizations have developed

classifications for UAVs according to size, with designations large, medium, and small being

typical. In the US, the Federal Aviation Administration (FAA) has issued rules for small

UAVs weighing less than 55 pounds (25 kg) [60]. Highlights of these rules include the

requirement for a visual LOS from pilot to aircraft, flight under daylight or during twilight

(within 30 minutes of official sunrise/sunset) with appropriate lighting for collision avoidance,

a maximum flight ceiling of 400 feet (122 m) above the ground (higher if the UAV is within

122 m of a construction site), and a maximum speed of 100 mph (87 knots, or 161 km/h).

Restrictions also apply regarding proximity to airports, and generally, a licensed pilot must

operate or supervise UAV operation.

One of the promising applications of UAVs is in supporting broadband wireless cellular com-

munications in hot spot areas during peak demand events and in cases of a natural calamity

where the existing communication infrastructure is damaged. It is expected that future

5G implementation will include UAVs as autonomous communicating nodes for providing

low latency and highly reliable communications, at least in some situations. Qualcomm is

testing the operability of UAVs for current LTE and future 5G cellular applications [61].

In addition, UAVs can act as mobile wireless access points in different network topologies

supporting different protocols of IEEE 802.11. Facebook and Google are also exploring the

possibility of using UAVs for Internet connectivity to remote areas using UAVs [62].

AG communications can be traced back to 1920 [63], with manually operated radio tele-

graphs. Lower and medium frequency bands were used in the early 1930s but did not support

simultaneous voice communications in both directions (AG and ground-to-air (GA)). From

the early 1940s, double sideband amplitude modulation (DSB-AM) in the frequency band
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(118 MHz - 137 MHz) lying in the very high frequency (VHF) band was adopted for voice

communications between pilots and ground controllers. This system supported a maximum

of 140 channels until 1979. Multiplexing and multiple access were frequency division with

manual channel assignment by air traffic control. In more dense air traffic spaces, to enable

larger numbers of simultaneous transmissions, 25 kHz DSB-AM channels were subdivided

into three channels of width 8.33 kHz. The civilian aeronautical AG communications con-

tinues to use the reliable analog DSB-AM system today, although since 1990 some small

segments of the VHF band in some geographic locations are being upgraded to a digital

VHF data link that can in principle support 2280 channels [64, 65]. This system employs

time-division as well as frequency-division, with single-carrier phase-shift keying modulation.

Military AG communications uses different frequency bands (ultra-high frequency) and mod-

ulation schemes for short and long ranges [66]. Due to very low data rates, the civil aviation

systems cannot support modern AG communication requirements. In 2007, use of portion

of the L-band was suggested for new civil aviation systems, and two such systems known as

L-band Digital Aeronautical Communications Systems, or LDACS, were developed [65]. Due

to compatibility with numerous existing systems that operate in the L-band, the LDACS

system is still being refined. LDACS is currently being standardized by the International

Civil Aviation Organization (ICAO).

There are numerous studies available in the literature on the characteristics of aeronautical

channels [64,67–70]. Aeronautical communications can be broadly classified into communica-

tions between the pilot or crew with the ground controller and wireless data communication

for passengers. Both of these types of communication are dependent on the flight route

characteristics. In [67] the propagation channel is divided into three main phases of flight,

termed as parking and taxiing, en-route, and take off and landing. Each phase of flight was

described by different channel characteristics (type of fading, Doppler spread, and delay),

but this relatively early paper was not comprehensive nor fully supported by measurements.
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There are also long distance AG propagation channel studies available for satellites and high

altitude platforms (HAPs). The AG propagation channel in these studies can be considered

as a UAV communication channel, but due to long distances from the earth surface, normally

greater than 17 km, modeling of these links may also need to take into account upper

atmospheric effects. Depending on frequency and UAV altitude, they may also be much

more susceptible to lower tropospheric effects such as fading from hydrometeors [71]. For

most of these longer distance platforms, a LOS component is required because of power

limitations, hence the AG channel amplitude fading is typically modeled as Ricean [72]. As

the deployment of UAVs as communication nodes in the near future is expected to be at

much lower altitudes compared to that of HAPs and satellites, in this survey we focus only

on lower altitude UAV AG propagation channels.

In order to fulfill the ever increasing demands of high rate data transfer in the future using

UAVs in different environments, robust and accurate AG propagation channel models are re-

quired. The available AG propagation channel models used for higher altitude aeronautical

communications generally cannot be employed directly for low-altitude UAV communica-

tions. Small UAVs may also possess distinct structural and flight characteristics such as

different airframe shadowing features due to unique body shapes and materials, and poten-

tially sharper pitch, roll, and yaw rates of change during flight. The AG channel for UAVs

has not been studied as extensively as the terrestrial channel.

The available UAV based AG wireless propagation channel research can be largely catego-

rized into two major portions. The first one is payload communications, where the payload

can be narrow-band or wide-band and is mostly application dependent. The second one

is control and non-payload communications (CNPC) for telemetric control of UAVs. Most

payload UAV communications employs the unlicensed bands e.g., 900 MHz, 2.4 GHz, and

5.8 GHz; this is not preferred by the aviation community as these bands can be congested

and may be easily jammed. In the USA, CNPC is potentially planned for a portion of
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L-band (0.9 GHz - 1.2 GHz) and C-band (5.03 GHz - 5.091 GHz), although as is common

in spectrum allocation, use of these bands is still being negotiated [73, 74]. Channel mea-

surements and modeling for UAVs are (other than bandwidth and carrier frequency) largely

independent of whether signaling is for payload or CNPC.

In this study, we will discuss recent channel measurement campaigns and modeling efforts

to characterize the AG channel for UAVs. We also describe future research challenges and

possible enhancements. To the best of our knowledge, there is to date no comprehensive

survey on AG propagation channel models for UAV wireless communications.

The rest of the chapter is organized as follows. Section II explains the UAV AG propagation

channel characteristics. The AG channel measurements and associated features are described

in Section III, and Section IV discusses AG propagation channel models, including models

based on ray tracing simulations. Future challenges and research directions are provided in

Section V, and concluding remarks follow in Section VI. All acronyms and variables used

throughout the chapter are given in Table 3.1 and Table 3.2, respectively.

3.1 UAV AG Propagation Channel Characteristics

In this section, salient characteristics of UAV AG propagation channels are described. A

common AG propagation scenario is shown in Figure 3.1 in the presence of terrestrial obsta-

cles which are also commonly referred as scatterers. In the figure, hG, hS, hU represents the

height of the GS, scatterers, and UAV above the ground, respectively, d is the slant range

between the UAV antennas and the GS, and θ is the elevation angle between GS and UAV

antennas. (We note that airborne scatterers may be present as well, but for this study, for

the AG link, we neglect this secondary condition.)
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Figure 3.1: A typical air-to-ground propagation scenario with a UAV.

3.1.1 Comparison of UAV AG Propagation with Terrestrial

The AG channel exhibits distinctly different characteristics from those of other well studied

terrestrial communication channels, e.g., the urban channel. On the one hand, there is

the inherent advantage over terrestrial communications in terms of a higher likelihood of

LOS propagation.This reduces transmit power requirements and can translate to higher link

reliability as well. In cases where only NLOS paths exist, when the elevation angle to the

UAV is large enough, the AG channel may incur smaller diffraction and shadowing losses

than near ground terrestrial links.

On the other hand, the AG channel can exhibit significantly higher rates of change than

typical terrestrial communication channels because of UAV velocities. When the channel is

modeled statistically, this can mean that the channel’s statistics are approximately constant

(the channel is wide-sense stationary) for only a small spatial extent. This is often loosely

termed ”non-stationarity.” If the UAV is not in the direct vicinity of scattering objects or the

GS, the characteristics of the channel could instead actually change very slowly, especially

for hovering UAVs. In such a case, adverse propagation conditions, e.g., deep fades of the

received signal, may last several seconds or even minutes, hence common communication

techniques of interleaving or averaging would not be effective. In many cases, when UAV

altitudes are well above scattering objects, the AG channel’s ”non-stationarity” will be at-
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tributable to the direct surroundings of the GS, e.g., the close by buildings or the ground

surface composition around the GS.

Additionally, AG communications with UAVs face many other challenges, due to arbitrary

mobility patterns and diverse types of communication applications [75–78]. As an aerial node,

some of the UAV specifics that need to be taken into account include airframe shadowing,

mechanical and electronic noise from UAV electronics and motors, and finally antenna char-

acteristics, including size, orientation, polarization, and array operation (e.g., beam steering)

for MIMO systems. For UAVs in motion, the effect of Doppler shifts and spread must also be

considered for specific communication applications [79,80]. For a given setting, an optimum

UAV height may need to be considered, e.g., for maintaining LOS in that environment [81].

3.1.2 Frequency Bands for UAV AG Propagation

As with all communication channels, a fundamental consideration is the frequency band,

since propagation characteristics can vary significantly with frequency. For the L and C-

bands envisioned for CNPC, and for the currently popular unlicensed bands for payload

communications, tropospheric attenuations from atmospheric gases and hydrometeors are

mostly negligible. This will not be true for operation at higher frequency bands e.g., at Ku,

Ka, and other so-called mmWave bands, which may be as high as 100 GHz. These higher

frequency bands can hence suffer both larger free-space path loss (PL) as well as tropospheric

attenuations. Because of this, these frequency bands will generally be used for short-range

AG links.

In contrast to the attenuation characteristics compared with lower frequency bands, mmWave

bands offer a large amount of bandwidth, which is their primary appeal for 5G cellular

systems. Large bandwidths can be more robust to the larger values of Doppler shift and

Doppler spread encountered with UAVs moving at high velocity.
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Table 3.1: Acronyms used in this study.

Acronym Text Acronym Text
AA Air-to-air AG Air-to-ground

AWGN Additive white Gaussian noise BER Bit error rate
BPSK Binary phase shift keying BW Bandwidth
CDF Cumulative distribution function CFO Carrier frequency offset
CIR Channel impulse response CNPC Control and non-payload

communications
CSI Channel state information CTF Channel transfer function
CW Continuous wave DPP Doppler power profile
DS Doppler spread DSB-AM Double sideband amplitude

modulation
DS-SS Direct sequence spread spectrum FAA Federal aviation administration
FMBC Filter bank multi-carrier FMCW Frequency modulated continuous

wave
GA Ground-to-air GMSK Gaussian Minimum Shift Keying
GPS Global positioning system
GS Ground station GSM Global system for mobile

communication
HAP High altitude platform ICI Inter-carrier interference

IS-GBSCM Irregular shaped geometric based
stochastic channel model

LAP Lower altitude platform

LDACS L-band digital aeronautical
communications

LOS Line-of-sight

LTE Long term evolution MIMO Multiple-input-multiple-output
MISO Multiple-input-single-output Mod. Sig. Modulated signal
MPC Multipath component MSK Minimum shift keying

NGSCM Non-geometric channel model NLOS Non-line-of-sight
OFDM Orthogonal frequency-division

multiplexing
OLOS Obstructed line-of-sight

PAPR Peak to average power ratio PDP Power delay profile
PG Path gain PL Path loss
PLE Path loss exponent PRN Pseudo-random number
PSD Power spectral density RF Radio frequency

RMS-DS Root mean square-delay spread RS-
GBSCM

Regular shaped geometric based
stochastic channel model

RSS Received signal strength RSSI Received signal strength indicator
RTT Round trip time RX Receiver

SDMA Space-division multiple access SIMO Single-input-multiple-output
SISO Single-input-single-output SNR Signal-to-noise-ratio
TDL Tap-delay-line TDMA Time division multiple access
TOA Time-of-arrival TX Transmitter
UAS Unmanned aerial systems UAV Unmanned aerial vehicle

UMTS Universal Mobile
Telecommunications Service

UWB Ultra-wideband

VHF Very high frequency WSS Wide sense stationary
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Table 3.2: Variables used in this study.

Acronym Text
ai Amplitude of ith MPC
c Speed of light
d Link distance between TX and RX
d0 Reference distance between TX and

RX
f Frequency instance
fc Carrier frequency
f id Doppler frequency shift of ith MPC
hG Ground station height
hS Height of scatterer
hU UAV altitude above ground

K-factor Ricean K-factor
M Total number of MPCs
pi(t) MPCs persistence coefficient
PR Received power
PT Transmit power
PL0 Reference path loss
t Time instance
v Velocity of UAV

vmax Maximum speed
Θ Aggregated phase angles
γ Path loss exponent
τi Delay of ith MPC
λ Wavelength of the radio wave
φi Phase of the ith MPC
X Shadowing random variable
θ Elevation angle
σ Standard deviation of shadow

fading
∆ψ Phase difference between the LOS

and ground reflected MPC
ς Ratio of built up area to total area
ξ Mean number of buildings per unit

area
Ω Height distribution of buildings
α Slope of linear least square

regression fit
β Y-intercept point for the linear

least square regression fit
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3.1.3 Specifics of UAV AG Propagation Channel

In an AG propagation channel using UAVs, the MPCs appear due to reflections from the

earth surface, from terrestrial objects (ground scatterers), and sometimes from the airframe

of the UAV itself. The characteristics of the channel will be dependent on the material, shape,

and size of the scattering objects. The strongest MPC apart from the LOS component in

an AG propagation scenario is often the single reflection from the earth surface. This gives

rise to the well known two ray model.

For high enough frequencies, the scatterers on the ground and around the UAV can be

modeled as points scatterers on the surface of two respective cylinders or spheres [82,83] or

ellipsoids, and these can be bounded (truncated) by intersection of the elliptical planes on

the ground [84, 85]. These topologies can help in deriving geometrical characteristics of the

AG propagation scenario. The distribution of scattering objects, on land or water, can be

modeled stochastically, and this concept can be used to create so-called geometrically-based

stochastic channel models (GBSCMs). For aircraft moving through an area above such

a distribution, this gives rise to intermittent MPCs [86], as also seen in vehicle-to-vehicle

channels.

In order to describe the statistical characteristics of a fading channel, typically first and

second order fading statistics are used. The majority of the AG literature discusses first order

fading statistics. The second order statistics of envelope level crossing rate and average fade

duration are discussed in [82, 87], but many authors address other second order properties,

primarily correlation functions in the time or frequency domains.

In case of propagation over water the PL is similar to that of free space [88], with a strong

surface reflection. The other MPCs from the water surface are weaker, and of approximately

equal power and ToA, whereas MPCs from obstacles on the water surface, e.g., large ships,

can be stronger.
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3.1.4 Antenna Configurations for UAV AG Propagation

The antenna is one of the critical components for AG communications due to limited space,

and limitations of the aerodynamic structure [89,90]. Factors that affect AG link performance

are the number, type and orientation of the antennas used, as well as the UAV shape and

material properties.

The majority of AG channel measurements employ stand alone (single) antennas, whereas

in [91], an antenna array is used. There are some SIMO and MIMO antenna configurations

available in the literature for AG propagation measurements [92, 93]. Omni-directional an-

tennas are most popular for vehicular communications due to their superior performance

during motion, whereas directional antennas (having better range via directional gain) can

perform poorly during motion due to mis-alignment losses. With high maneuverability of

UAVs during flight, omni-directional antennas are generally better suited than directional

antennas. A potential major drawback of any antenna on-board UAVs is the shadowing

from the body of the UAV. Similarly, orientation of antennas on-board UAVs can affect the

communication performance [94,95].

The use of multiple antennas to enable diversity can yield spatial diversity gains even in

sparse multipath environments [96, 97]. Similarly, multiple antennas can be used for spatial

selectivity such as beam forming/steering. However, due to limited space on-board UAVs,

space diversity using multiple antennas is difficult to achieve, especially for lower carrier fre-

quencies. Beamforming using antenna arrays operating at mmWave frequencies, for example,

can be used to overcome fading and improve coverage, but array processing will require high

computational resources on-board. The employment of MIMO systems for enhancing the

channel capacity of the AG propagation channel has been suggested in [98,99]. By changing

the diameter of a circular antenna array and the UAV flying altitude, different values of

MIMO channel capacity were obtained [98]. Whereas in [99], optimizing the distance be-

tween the antenna elements using linear adaptive antenna arrays was proposed to increase
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MIMO channel capacity.

3.1.5 Doppler Effects

Due to UAV motion, there are Doppler frequency shifts that depend on the velocity of the

UAV and the geometry. Higher Doppler frequency presents a problem if the different signal

paths are associated with largely different Doppler frequencies, yielding large Doppler spread.

This can happen if the aircraft is relatively close to the GS. If the aircraft is further away from

the GS, and at sufficient altitude, the paths should all have a very similar Doppler frequency

as the objects in the close surroundings of the GS causing MPCs are seen all under similar

angles from the aircraft. The effect of a large Doppler frequency that is constant for all MPCs

should be well mitigated by frequency synchronization. Doppler shifts can introduce carrier

frequency offset (CFO) and inter carrier interference, especially for orthogonal frequency

division multiplexing (OFDM) implementations. There are several studies that consider

modeling of Doppler spread [67, 79, 80, 87, 100–103]. Some channel access algorithms e.g.,

multi carrier code division multiple access, have been shown to be robust against Doppler

spread in AG propagation [104].

3.2 AG Channel Measurements: Configurations, Chal-

lenges, Scenarios, Waveforms

Several AG channel measurement campaigns using piloted aircraft and UAVs have been

recently reported in the literature. These measurements were conducted in different envi-

ronments and with different measurement parameters. In this section, we provide a brief

classification of these measurements based on environmental scenario, sounding signal, car-

rier frequency, bandwidth, and antenna specifications and placement. As available, we also
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provide UAV type and speed, heights of UAV and GS from terrain surface, link distance be-

tween TX and RX, elevation angle, and the channel statistics provided by the cited authors.

These channel measurement parameters are given in Table 3.3.

In the reported AG propagation measurements, either TX or RX on UAV/GS is stationary.

Measurements with both TX and RX moving for AG propagation are rare. A notable con-

tribution of wide-band AG propagation measurements is available in the form of multiple

campaigns conducted in the L and C bands using single-input-multiple-output (SIMO) an-

tenna configuration for different terrain types and over water/sea [86, 88, 92, 105–111]. The

rest of the cited channel measurements are conducted in different frequency bands ranging

from narrow-band to ultra-wideband (UWB) with various types of sounding signals.

3.2.1 Channel Measurement Configurations

These channel measurements used different types and configurations of antennas. The most

commonly used antenna type is omni-directional and the most commonly used configuration

is single-input-single-output (SISO). The positioning of an antenna on the UAV is important

to avoid both shadowing from the airframe and disruption of the aircraft’s aerodynamics.

In the majority of measurements the antennas were mounted on the bottom of the aircraft’s

fuselage or wings. The orientation of antennas on UAV and ground can also affect the signal

characteristics [94,95,116,117]. This characteristic is most important during banking turns,

and when the aircraft pitch angle deviates from horizontal. The elevation angle between TX

and RX antennas is dependent on the height of UAV and GS and often continuously varies

during the flight.

In the majority of the communication applications envisioned for UAVs, the aerial node is

expected to be stationary (or mostly so) in space for a given time. As noted, for communica-

tions with a mobile UAV, the velocity will affect the channel statistics. For UAVs operating
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Table 3.3: Important empirical AG channel measurement studies in the literature.

Ref. Scenario
Sound.
Sig.

Freq.
GHz

BW
MHz

Antenna and
mounting

PTPTPT

dBm
UAV,
vmaxvmaxvmax

(m/s)

hUhUhU , hGhGhG,
d (m)

θθθ
deg.

Channel
statistics

[87]
Urban CW 2 .0125 1 Monopole on UAV

for TX, 4 on GS for
RX

27 Air
balloon, 8

170, 1.5,
6000

1-6 PR,
Auto-correlation

of direct and
diffuse

components

[29]
Open
field,

suburban

PRN 3.1 -
5.3

2200 1 Dipole on UAV for
TX and 1 on GS for

RX

14.5 Quad-
copter,

20

16, 1.5,
16.5

- PL, PDP,
RMS-DS, TOA

of MPCs, PSD of
sub-bands

[86,
88,
92,
105–
111]

Urban,
subur-
ban,
hilly,

desert,
fresh

water,
harbor,

sea

DS-SS 0.968,
5.06

5, 50 1 directional antenna
on GS for TX, 4

monopoles on UAV for
RX

40 Fixed
wing, 101

520−
1952,
20,

1000−
54390

1.5-
48

PL, PDP,
RMS-DS,

K-factor, tap
probability and

statistics (power,
delay, duration)
in TDL model

[112]
rural,

suburban
OFDM 0.97 10 1 monopole antenna on

GS for TX, 1 monopole
on aircraft for RX

37 Fixed
wing, 235

11000,
23,

350000

0-45 PL, PDP, DPP

[113]
rural,
subur-
ban,

urban,
forest

FMCW 5.06 20 1 monopole on UAV
for TX, 1 patch

antenna on GS for RX

30 Fixed
wing, 50

-, 0,
25000

- CIR, PG, RSS

[114]
Urban MSK 2.3 6 1 Whip antenna on

UAV as transceiver, 1
patch antennas as
transceiver on GS

33 Fixed
wing, 50

800,
0.15,
11000

4.15-
86

RSS

[115]
Urban,
subur-
ban,
rural

GSM,
UMTS

0.9, 1,
9-2, 2

- Transceiver on balloon
and GS

41.76 Captive
balloon

450, -, - - RSSI, handover
analysis

[93]
Urban,
hilly,
ocean

OFDM 2.4 4.375 4 whip antennas on AV
for TX, 4 patch

antennas on GS for RX

- Fixed
wing, 120

3500, -,
50000

- Eigen values,
beam-forming

gain

[96]
Rural PRN,

BPSK
0.915 10 2 helical antennas on

AV for TX, 8 at GS for
RX

44.15 Fixed
wing, 36

200, -,
870

13-80 CIR, PR,
RMS-DS, spatial

diversity

[94]
- OFDM 5.28 - 4 omni-directional on

UAV for TX, 2 on GS
for RX

18 Fixed
wing,
17.88

45.72,
4.26, -

- PR, RSSI

[95]
Urban,

open field
OFDM 5.24 - 2 omni-directional on

UAV for TX, 2 on GS
for RX

20 Quad-
copter, 16

120, 2,
502.5

- RSSI

[116]
Open
field

OFDM 5.24 - 3 omni-directional on
UAV for TX, 3 on GS

for RX

20 Quad-
copter, 16

110, 3,
366.87

10-85 RSS

[117]
- IEEE

802.15.4
2.4 - On board inverted F

transceiver antenna on
UAV and GS

0 Hexacopter,
16

20, 1.4,
120

- RSSI

[77]
Suburban Wifi,

3G/4G
- - Transceiver on UAV

and GS
- Hexacopter,

8
100, -, - - PR, RTT of

packets

[118]
Forest

(anechoic
chamber)

- 8-18 - Spiral antennas on TX
and RX

- - 2.3, 0.6,
2.85

26-45 PR

[119]
Open
area

Mod.
sig.

5.8 - 2 Monopole, 1 horn on
UAV for TX, 2 on GS

for RX

- Fixed
wing,-

150, 0,
500

- PR

[120]
Open

area/foliage
802.11

b/g
5.8 - 1 omni-directional on

GS for TX, 4 on UAV
for RX

- Fixed
wing, 20

75, .2, - - Diversity
performance

[121]
Urban/
subur-
ban,
open
field,

foliage

CW 2.00106,
2.00086

- 2 monopoles on UAV
for TX, 2 on GS for

RX

27 Gondala
air-

ship, 8.3

50 and
above,

1.5,
2700

1 PR

[122]
Urban,
rural,

open field

0.915 - 1 omni-directional
antenna on UAV for
TX, 1 on GS for RX

- Quad-
copter,-

-, 13.9,
500

- RSSI, PL

[123]
Sea PRN 5.7 - Omni-directional on

AV for TX, 2
directional antennas at

GS for RX

40 Fixed
wing AV,-

1830,
2.1,7.65,

95000

- PL

[91]
Urban CW 2.05 - 1 monopole on AV for

TX, 4 on GS for RX
- Aerial

platform,-
975, -, - 7.5-

30
PDP, RMS-DS,
MPCs count,
K-factor, PL

[104]
Near

airport
CW 5.75 - Directional antenna on

GS for TX and
omni-directional on AV

for RX

33 Fixed
wing AV,-

914, 20,
85000

80 PR, Fading
depth, K-factor,

PL

[124]
Urban,

hilly
Chirp 5.12 20 1 monopole antenna on

GS for TX and 1
omni-directional on AV

for RX

40 Fixed
wing

AV, 293

11000,
18,

142000

(−16)−
5

PDP
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at higher velocities, the coherence time of the channel decreases, and this translates into a

larger Doppler spread. For connections to multiple UAVs, where hand-overs are required,

this means that the number of handovers will also generally increase with velocity, and this

will require additional processing. Additionally, higher velocities will result in increased air

friction and mechanical turbulence that generally result in increased noise levels. Many of

the AG channel measurements in the literature have been conducted with fixed wing aircraft

with maximum speeds varying from 17 m/s to 293 m/s. The speed of rotorcraft and air

balloons is much less than that of fixed wing aircraft, and ranges from 8 m/s to 20 m/s.

The height of the UAV above ground is an important channel parameter and will also affect

the channel characteristics. For example, increasing the height of the UAV usually results

in reduced effect of MPCs [30] from surrounding scatterers. Another benefit of higher UAV

altitude is larger coverage area on the ground. Similarly, the height of GS will also affect the

channel characteristics. For a given environmental scenario, there may be an optimal height

of the GS [29],e g., this might be a balancing of attenuation and multipath diversity.

Example propagation measurements using rotorcraft and air balloons during flight and hov-

ering are available in [29, 87, 95, 117]. These AG propagation measurements were obtained

at different UAV heights ranging from 16 m to 11 km, and link distances 16.5 m to 142 km.

The UAV latitude, longitude, yaw, pitch, and roll readings are typically obtained from GPS

RXs and often stored on-board.

Apart from conventional AG channel sounding, there are some indirect UAV AG channel

measurements available from use of radios employing different versions of protocols of the

IEEE 802.11 standards [94, 95, 116, 117]. The IEEE 802.11 supported devices offer a very

flexible platform and may provide insight for UAV deployments in different topologies and

applications, e.g., UAV swarms. Yet because of the specific features of 802.11, the resulting

measurements are applicable to particular protocol setup and radio configuration, and rarely

provide detailed propagation channel characteristics.
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Air-to-air (AA) communications with UAVs has not been studied extensively in the litera-

ture [125]. The AA communications is particularly important for scenarios where multiple

drones communicate among a swarm. This swarm then usually communicates with one or

more GS via a back-haul link from one or several of the UAVs. The AA communications

is similar to free space with a strong LOS and often a weak ground reflection, but this is

dependent on the flight altitude and environment. The communication channel is mostly

non-dispersive for higher altitudes but can be rapidly time-varying, dependent on the relative

velocities of the UAVs and the scattering environment [126].

3.2.2 Challenges in AG Channel Measurements

There are many challenges in AG channel measurement campaigns as compared to terrestrial

measurements. The biggest challenges are the payload limitation of the UAVs, and the

operating range and height of UAVs, which in the USA is set by the FAA [127]. Larger

UAVs also incur larger test costs. Due to restrictions on the height of UAVs above ground,

UAVs at lower altitudes have lower LOS probability and are hence more susceptible to

shadowing, especially in suburban and urban areas. Due to limitations on payload, higher

transmit power measurements on-board the UAVs are difficult to achieve, and similarly,

complex RX processing on-board UAVs can consume a prohibitive amount of power.

Other challenges include varying conditions of the terrain during flight, meteorological con-

ditions (winds and rain), antenna positioning on the UAV, precise location measurement of

UAVs in space over time, diverse telemetry control for different types of UAVs having specific

latencies, bandwidth and reliability issues, and limited flight time for most small UAVs due

to limited battery life [75–77]. Due to the motion of UAVs in three dimensional space, it

is challenging to precisely measure the distance between the UAV and the GS. Momentary

wind gusts that cause sudden shifts in UAV position can make it difficult to accurately track

the UAV path. The most common technique of measuring the instantaneous distance is
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Table 3.4: UAV AG propagation characteristics for five different scenarios.

Scenario Characteristics of scenario Important factors
Urban/suburban Ratio of land area vs ratio of open to

built-up area, distribution of building sizes
and heights, distribution of ground terminals

(vehicles, pedestrians), distribution and
characteristics of vegetation, water bodies,

etc.

Material of buildings and rooftops

Rural/open field Type and density of vegetation, distribution
and sizes of the sparse buildings

Surface roughness, soil type, and moisture
content

Hilly/mountainous Terrain heights and slopes, distribution and
type of vegetation, distribution and sizes of

buildings

Ground slope, ground roughness

Forest Density and types of foliage, and height
distributions

Leaves and branches distribution

Over water Water type (sea or fresh), distributions and
sizes of water surface objects (boats,

platforms, etc.), distributions of littoral
objects (buildings, water tanks, etc.), and

water surface variation (e.g., sea state)

Modified reflection coefficient as compared
to ground, ducting effect in case of over sea

by using global positioning system (GPS) traces on both the UAV and GS, but of course

GPS devices have accuracy limitations and navigation signals may also be susceptible to

interference in different flying zones.

3.2.3 AG Propagation Scenarios

A typical type of terrestrial channel sounding equipment, a vector network analyzer, cannot

be used for UAV based AG channel sounding due to payload constraints, physical synchro-

nization link requirements, and UAV mobility [128]. Therefore, channel sounding for both

narrow-band and wide-band channels using impulse, correlative, or chirp sounding tech-

niques are employed, where the RX is typically on the ground due to payload and processing

constraints.

Proper selection of channel measurement parameters in a given environment is critical for ob-

taining accurate channel statistics for a given application. The AG propagation environment

is generally classified on the basis of the terrain type, namely flat, hilly, mountainous, and

over water. A particular terrain can have a given cover e.g. grass, forest, or buildings. The
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Figure 3.2: Measurement scenarios for UAV AG propagation channel.

most widely accepted terrain cover classification is provided by the International Telecom-

munication Union (ITU) [129]. In this survey we classify the cited measurement scenarios

as open (flat), hilly/mountainous, and over water. Each scenario can be subdivided on the

basis of the terrain cover as shown in Figure 3.2.

For any environment, different types of radio controlled UAVs can be used. Balloons or

dirigibles are simple to operate but do not have robust movement characteristics. The

non-balloon UAVs can be broadly classified as fixed wing and rotorcraft. The fixed wing

UAVs can glide and attain higher air speeds and generally travel farther than the rotorcraft,

but rotorcraft are more agile, e.g., most can move straight vertically. Rotorcraft also have

the ability to hover, which is not possible for nearly all fixed wing UAVs. The UAV AG

propagation scenarios in different environments with particular characteristics are described
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Figure 3.3: Sounding signals (a) Chirp signal, (b) Short duration Gaussian pulse sounding signal at center
frequency of 1 MHz and fractional bandwidth of 60%, (c) PRN sequence of polynomial degree 10 shown half
of the overall period, (d) OFDM sounding signal resource mapping with 64 sub-carriers, 16 symbols and 6
pilots.

in Table 3.4. In the rest of this subsection, we review the different AG measurement scenarios

depicted in Figure 3.2.

Open Space

A major part of the literature on AG propagation covers open (flat) terrain. This open

terrain can have different terrain covers that affect the channel characteristics. One of the

major terrain cover types is buildings. The distribution of building sizes, heights, and their

area-wise densities allows sub-classification into urban, suburban and rural areas as depicted

in Fig 3.2. In case of urban and suburban areas, there is a higher concentration of man made

structures in a given space, e.g., buildings, roads, bridges, large signs, etc. The distribution

(and composition) of these complex scatterer structures can strongly influence the channel
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characteristics. In rural areas, typically buildings are sparse, and of lower height than in

urban settings, although large warehouses and other structures could yield strong MPCs.

Hilly/Mountainous

The hilly/mountainous terrain is characterized by uneven ground heights; equivalently, a

large standard deviation of terrain height. The propagation PL in hilly and mountainous

areas will mostly follow the two ray model with adjustments due to surface roughness,

and potentially reflections from smooth sections of mountain slopes or an occasional large

building. The PL over or beyond terrain obstructions can employ established models for

diffraction, e.g., [130] but with first Fresnel zone clearance between TX and RX, PL is close

to free space [107,108]. Channel dispersion, typically quantified by the RMS-DS, is generally

smaller than in urban/suburban environments [108] but can be large if a strong reflection

occurs from a large and distant mountain slope. Generally, hilly and mountainous settings

present fewer reflections than more populated regions because of the absence of large numbers

of nearby scatterers.

Forest

There are few comprehensive studies covering AG propagation in forests, especially with

UAVs, although there are numerous publications for roadside shadowing for satellite chan-

nels, e.g., [131–133]. In these studies, propagation effects–typically attenuation–from par-

ticular volumes of trees, along with temporal fade statistics are analyzed for long range

AG communications. Generally for AG propagation with a GS within a forest, the channel

characteristics are dominated by the type and density of trees. Small UAVs within a for-

est experience different scattering characteristics depending upon height, e.g., the scattering

near the tree trunk will be different from that near the tree crown [118]. The scattering is
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also dependent on the type and density of leaves and branches of the trees, and hence for

deciduous trees, can vary seasonally.

Water/Sea

The AG propagation channel for over water settings is similar to that for open settings, with

different surface reflectivity and roughness than ground. The PL can be represented using a

two ray PL model, with variations attributable to surface roughness (see small-scale fading in

the following section). The RMS-DS in this case is generally smaller than in environments

with a large number of obstacles (urban, suburban), although if large objects are on or

just off shore, these may produce significant reflections and large delay spreads if geometry

permits.

In case of propagation over sea, the height of waves in a rough sea can introduce addi-

tional scattering and even diffraction for very low height stations on the sea. An interesting

propagation phenomenon that can also occur over sea is ducting, where anomalous index of

refraction variation with height results in propagation loss less than that of free space [123].

This phenomenon is dependent on frequency and meteorological conditions, and is thus

typically addressed statistically [134].

3.2.4 AG Channel Sounding Waveforms

As noted in [101,124], common channel sounding signals include short pulses (approximately

impulses), direct sequence spread spectrum (DS-SS) signals for correlative processing, lin-

early varying frequency modulation (chirp) signals, and multi-tone signals. Different ex-

ample sounding signals are shown in Figure 3.3 representing a chirp signal, RF Gaussian

pulse, pseudo-random number (PRN) sequence, and orthogonal frequency division mul-

tiplexing (OFDM) sounding signals. These sounding signals have been used in different
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measurement campaigns summarized in Table 3.3 in different AG channel measurement sce-

narios given in Figure 3.2. Short duration pulses are direct approximations of input impulses

and MPCs can be directly measured in the time domain (e.g., via a sampling oscilloscope).

The primary drawback is generation of sufficient pulse energies to reach long distances, and

large peak-to-average power ratios (PAPR). The DS-SS signaling uses pseudo-random (PR)

sequences to generate a wideband noise-like signal that is demodulated with a sliding (or

sometimes a stepped) correlator; this correlation processing yields an estimate of the CIR.

The DS-SS technique can use binary phase shift keying transmission and with modest filter-

ing this yields a low PAPR. Chirp sounding has the advantage of high frequency resolution

and the potential to sweep over large frequency ranges; PAPR can be the ideal value of unity.

The chirp technique yields the channel transfer function, from which the CIR is obtained

via inverse Fourier transformation.

Another popular technique is the use of a multi-tone signal, with the idea of sampling

the channel transfer function. This is in essence an OFDM based channel sounding. One

advantage of using OFDM sounding is that known data can be used for sounding, hence

allowing some data transmission along with channel sounding [135]. The OFDM signals

have the advantage of a flat spectrum but of course a sinc (sin(x)/x) delay domain response

and a large PAPR. Details on these various sounding signals can be found in the literature,

e.g., [136] discusses about sounding signals.

Different carrier frequencies can be used to sound the AG channel and in principle this is

completely arbitrary, but most measurements aim at frequency bands in which UAV use is

at least possible. Measurements have ranged from 100 MHz to 18 GHz with perhaps most of

the measurements carried out in the 5 GHz band (5.06 GHz - 5.8 GHz). Similarly, sounding

signal bandwidth varies, from very narrow-band to several tens of MHz or more. In [29],

UWB channel sounding with a bandwidth of 2.2 GHz was used, yielding sub-nanosecond

time resolution.
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3.3 UAV AG Propagation Measurement/Simulation Re-

sults in the Literature

Several types of channel statistics are useful for characterizing the channel for different ap-

plications. For AG propagation, the channel statistics are similar to those gathered for

terrestrial channels. In general, propagation channels are linear and time varying, but can

sometimes be approximated or modeled as time-invariant. For linearly time-varying chan-

nels, the CIR or its Fourier transform, the time varying channel transfer function (CTF),

completely characterizes the channel [86–88, 91, 92, 96, 105–111, 124]. As noted, due to rel-

ative motion of the UAV, the AG channel may be stationary only for small distances [92].

Thus, stationary distance needs to be taken into account when estimating the channel statis-

tics [88, 137,138].

Another higher-level parameter that has been used by some researchers to characterize the

quality of the AG propagation channel is throughput, but of course this is highly dependent

upon the transmitter and receiver implementation, and parameters of the air interface, such

as the number of antennas and the transmit power. Hence this measure is of limited use

for assessing the AG channel itself. Similarly, for MIMO channels, beam-forming gain,

diversity, and capacity of the channel are often estimated. Some commonly reported channel

characteristics for AG propagation channels are given in the following subsections.

3.3.1 Path Loss/Shadowing

Most of the AG propagation campaigns address PL and if present, shadowing, in different

scenarios. For AG channels with an LOS component, PL modeling begins with free space

propagation loss; when the earth surface reflection is present (not blocked or suppressed via

directional antennas), path loss can be described by the well-known two-ray model. Parallel
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to the developments in terrestrial settings, most of the measurements employ the log-distance

PL model where the loss increase with distance is indicated by the path loss exponent (PLE).

In [29], PL is calculated for open field and suburban areas for different UAV and GS heights

for a small hovering UAV. Comprehensive PL measurements in L and C bands were carried

out in different propagation scenarios in [86, 88, 92, 105–111] as summarized in Table 3.3.

The values of PLE were found to be slightly different for urban, suburban, hilly, and over

water scenarios, but are generally close to the free-space value of 2 with standard deviation

around the linear fit typically less than 3 dB.

In [95], it was observed that the PLEs for IEEE 802.11 communications were different dur-

ing UAV hovering and moving due to different orientations of the on-board UAV antennas.

Therefore, antenna patterns can distort the true channel PL characteristics and removing

their effect is not always easy or possible. On the other hand, for the specific UAV configura-

tion used, the resulting PL model is still useful. Typically, PL for LOS and NLOS conditions

are provided separately, e.g. [139], where for the NLOS case, there is an additional small-

scale (often modeled as Rayleigh) fading term, and a constant reflection term in addition to

the LOS PL. Analogously, the LOS models for L- and C-bands can incorporate Ricean small

scale effects [92]. In [140], the reported PL is described as a function of the elevation angle

between the low altitude platform and RX θe given as follows:

FSPL = 20 log

(
∆h

sin θe

)
+ 20 log(fMHz)− 27.55, (3.1)

where ∆h = hLP − hRx is the difference between the height of the low altitude platform and

the RX on the ground. The argument ∆h/ sin θe is simply the link distance expressed as a

function of elevation angle.

Path loss including shadowing is reported in [29, 87, 91, 104, 141, 142], where we note that

in LOS cases without actual obstruction of the first Fresnel zone, the physical mechanism

causing PL variation is not actually shadowing but often small-scale effects. In [87], PL and
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its associated shadowing was attributed to buildings only when the UAV was flying near the

ground whereas when flying higher, actual shadowing was not present but variation from

small-scale fading still occurred. One can also estimate losses due to “partial” shadowing

by conventional methods. For example the shadowing in [141] was found to be a function of

elevation angle, where the shadowing magnitude was estimated by using the uniform theory

of diffraction.

The PL provides complete information on link attenuation, but another indirect parameter

often used for channel attenuation estimation is received signal strength (RSS). In [94,95,116],

RSS indicator data for an AG propagation channel based on IEEE 802.11a transmissions with

different antenna orientations was provided. Data on fluctuations in RSS due to multipath

fading from tall building reflections was provided in [113], where the RSS was found to

decrease due to polarization mismatch between the TX and RX antennas when the aerial

vehicle made a banking turn. The accuracy of RSS values in commercial products can vary

considerably, so when these are used, care should be taken in calibration.

3.3.2 Delay Dispersion

The PDP is the ”power version” of the CIR. This can be computed ”instantaneously,” or

more traditionally, as an average over a given spatial volume (where the channel can be

considered WSS). Various AG propagation studies in different environments have measured

PDPs, and via the PDP the most common estimate of the delay-domain dispersion is esti-

mated: the RMS-DS. Other dispersion measures such as the delay window or delay interval

are also sometimes reported. Statistics for the RMS-DS statistic itself are often computed,

e.g., in [91], mean RMS-DS values for different elevation angles was reported. As generally

expected from geometry, the RMS-DS was found to decrease as elevation angle increases.

In [29] PDPs were measured for open areas, suburban areas, and areas covered with foliage.
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The Saleh-Valenzuela model, originally developed for indoor channels, is sometimes used to

model the PDP when MPCs appear grouped or ”clustered” in delay. This model specifies the

MPCs by such clusters, and the number of clusters is different for different environmental

scenarios. PDPs were measured for different environments in [88, 106–111], and resulting

RMS-DS statistics were provided. As expected, the delay spread was found to be dependent

on the terrain cover with maximum delay spread values of 4µs for urban and suburban

settings. The largest RMS-DS values generally occur when there are large buildings that

can provide strong MPC reflections. For hilly and mountainous terrain, maximum RMS-DS

values of 1µs for hilly regions and 180ns for the mountainous terrain were reported. In over

water settings, the maximum RMS-DS value reported was 350ns. Again, in all these settings

cited here, a LOS component was present between GS and UAV, hence for the majority of

the time, RMS-DS was small, on the order of a few tens of nanoseconds. In [143], a finite-

difference time domain model for the electric field propagating at very low heights over sea

was developed. An RMS delay spread model for very high frequency (VHF) to 3 GHz was

presented, with RMS-DS a function of wave height.

3.3.3 Narrowband Fading Severity: Ricean K-factor

Small scale amplitude fading in AG propagation channels usually follows a Ricean distri-

bution due to the presence of a LOS component. The Ricean K-factor is defined as the

ratio of dominant channel component power to the power in the sum of all other received

components. The K-factor is often used to characterize the AG channel amplitude fading.

In [91], as generally expected, the authors found that the K-factor increased with increasing

elevation angle. The Ricean K-factor as a function of link distance was given in [104], dur-

ing multiple phases of flight (parking and taxiing, take off and landing, and en-route). The

en-route phase showed the largest K-factor, followed by take off and landing, and parking

and taxiing. In [118], it was observed that the K-factor will differ with different types of
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scattering trees: values of K ranging from 2 dB to 10 dB were reported.

The K-factor was measured for both L-band and C-band AG propagation in [86,92,108,111]

for urban, suburban, hilly and mountainous settings, and also for over fresh water and sea

scenarios. The mean values ofK-factor for urban areas were reported to be 12 dB and 27.4 dB

for L-band and C-band respectively. The mean K-factor values for hilly and mountainous

terrain was reported to be 12.8 dB and 29.4 dB for L-band and C-band respectively, whereas

for over sea settings, K-factor mean values for L-band and C-band were found to be 12.5 dB

and 31.3 dB, respectively. Worth pointing out is that in these “strong LOS” channels, the

K-factor does not strongly depend on the GS environment. Also observed was that the C-

band K-factor was larger than the L-band K-factor in all environments. This is attributable

to two causes: first, the C-band measurement signal bandwidth was larger than that of L-

band, ameliorating fading, and second, for any given incident angle and surface roughness

(e.g., ground, or ocean), as carrier frequency increases, the surface roughness with respect to

the wavelength also increases, and hence incident signals are scattered in multiple directions

rather than being reflected in a single direction (toward the receiver). With fewer and/or

weaker MPCs at the higher frequency, the K-factor is larger.

3.3.4 Doppler Spread

The Doppler effect is a well-known phenomenon for wireless mobile communications. Consid-

ering AG propagation with UAVs in a multipath environment, if we let φi represent the angle

between the aircraft velocity vector and the direction from which the ith MPC is received,

the Doppler frequency shift of this ith MPC is f id = v cosφi
λ

, where v is the UAV velocity, and

λ is the wavelength of the radio wave. (We assume here that the GS is motionless, else a

more general formulation for the Doppler shift must be used.) If MPCs are received with

different Doppler frequencies this phenomenon produces spectral broadening, called Doppler

spread.
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In [67, 104], simulations were used to find the Doppler shift and its effect on the channel at

different phases of flight (parking and taxiing, en-route, and take off and landing). Doppler

spread in a multipath environment implementing OFDM systems was considered in [101],

where arriving MPCs were observed to have different frequency offsets. In such a case, if

the receiver CFO synchronizer cannot mitigate the effect of these different frequency offsets,

this results in inter-carrier interference (ICI). In [80], a mitigation technique for Doppler

shift was proposed for the case where the UAV is relaying between two communication

nodes. The UAV acts as a repeater that provides the required frequency shift to mitigate

the Doppler effect. A three dimensional AG Doppler delay spread model was provided

in [79] for high scattering scenarios. Doppler spread for AG propagation is also discussed

in [29,96,100,105,124].

3.3.5 Measured Air Interface Statistics

Apart from the main channel characteristics, there are other performance indicators that

can be measured. Two of these are throughput and bit error ratio (BER) with particular

communication technologies. As with RSSI measurements, these are useful for the particular

technology and environment in question, but may offer very little that is directly relevant to

modeling the AG channel. The throughput of an AG propagation channel was investigated

in several studies, most commonly using the IEEE 802.11 protocol. Throughput analysis

using different versions of the IEEE 802.11 protocol were carried out in [94,95], for different

antenna orientations, propagation distances, and UAV elevations. A throughput analysis

of IEEE 802.11n was carried out in [75], where–as expected–it was found that throughput

is directly dependent on the modulation and coding scheme. Throughput analysis for data

relaying and ferrying for an AG propagation channel was carried out in [76]. It was observed

here that mobile relaying can achieve more than twice the throughput of static relaying for

a given delay tolerant system.
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Some results for BER as a function of signal-to-noise-ratio (SNR) for AG propagation chan-

nels are available in the literature to compare the performance of different implementation

schemes. In [144], BER was measured against SNR for different modes of LDACS1, as a

function of distance and for different phases of flight. A similar study was conducted in [145],

where BER was measured against SNR for an over sea AG propagation channel with dis-

tance measuring equipment (DME) co-channel interference present. In [146], BER versus

SNR analysis was performed for different flight route phases for different values of Ricean

K-factor. BER versus SNR analysis was performed in [103] for comparing the effect of pres-

ence and absence of ICI for an IEEE 802.11a OFDM system in the presence of additive white

Gaussian noise (AWGN).

3.3.6 Simulations for Channel Characterization

Apart from measurement campaigns for AG propagation channel modeling, some simu-

lation based channel characterizations are also available in the literature, where the real

time environmental scenarios are imitated using computer simulations. Simulations in ur-

ban/suburban areas were performed in [102,140,142,146]. The antenna considered in these

environments was omni-directional. Different carrier frequencies 200 MHz, 700 MHz, 1 GHz,

2 GHz, 2.5 GHz, 5 GHz, and 5.8 GHz were covered for AG channel characterization in the

urban/suburban environments, and different heights of UAVs, ranging from 200 m to 2000 m

were considered. The PL (from simulated RSS) was estimated. Over sea based channel sim-

ulations were carried out in [143], where a channel simulator imitating the sea environment

was developed. Carrier frequencies from 3 kHz-3 GHz were used, with the TX and RX

placed 3.75 m above the sea surface. The main goal of the study was to quantify sea surface

shadowing for the marine communication channel using UAVs. The channel characteristics

of PL and RMS-DS were modeled based on the sea surface height.

In [145], simulations were conducted in environmental scenarios consisting of over sea, hilly,
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and mountainous terrain. Performance of AG communications using filter bank multicar-

rier (FMBC) modulation systems and LDACS were compared. The results showed that

FMBC has better performance than LDACs, especially in the presence of interference from

DME signals. In the presence of the AG channel, the FBMC and LDACS performance is

comparable. Other simulations of communication systems employed over AG propagation

channels, for particular simulation scenarios, are also available in the literature [80,101,147].

In [148], the effect of the UAV height for optimal coverage radius was considered. It is

observed that by adjusting UAV altitude, outage probability can be minimized: a larger

”footprint” is produced with a higher UAV altitude, but of course increased altitude can

increase PL. An optimum UAV height is evaluated that maximizes the coverage area for

a given SNR threshold. The Ricean K-factor was found to increase exponentially with

elevation angle between UAV and GS, given as K = c1 expc2θ, where c1 and c2 are constants

dependent on the environment and system parameters. The relation between minimizing

outage probability or maximizing coverage area for a given SNR threshold is solved only

based on path loss without considering the effect of scatterers in the environment. The

consideration of geometry of scatterers in the analysis would of course make it more robust

and realistic.

3.4 UAV AG Propagation Models

The UAV AG propagation measurements discussed in the previous section are useful for de-

veloping models for different environments. In the literature, UAV AG propagation channel

models have been developed using deterministic or statistical approaches, or their combi-

nation. These channel models can be for narrow-band, wide-band, or even UWB commu-

nications. Complete channel models include both large scale and small scale effects. In

this section, we categorize AG propagation channel models in the literature as shown in
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Figure 3.4, and review some of the important channel models.

3.4.1 AG Propagation Channel Model Types

Time-variant channel models can be obtained via deterministic or stochastic methods or

by their combination. The deterministic methods often use ray tracing (or, geometry) to

estimate the CIR in a given environment. These deterministic channel models can have very

high accuracy but require extensive data to characterize the real environment. This includes

the sizes, shapes, and locations of all obstacles in the environment, along with the electrical

properties (permittivity, conductivity) of all materials. Hence such models are inherently

site-specific. They also tend to require adjustment of parameters when comparing with mea-

surement data. Since ray tracing based techniques employ high-frequency approximations,

they are not always accurate. They are not as accurate as full wave electromagnetic solutions,

e.g., the method of moments and finite difference time domain methods for solving Maxwell

equations [149], but ray tracing methods are of course far less complex than these full-wave

solutions. Such deterministic simulators are also very complex when they are used to model

time varying channels. Ray tracing was used in [79, 115,140,142,150,151] for different fully

deterministic AG propagation scenarios.

The models in [88, 108, 110] are a mix of deterministic and stochastic models (sometimes

termed quasi-deterministic). Specifically, the LOS and earth surface reflection are modeled

deterministically via geometry, and the remaining MPCs are modeled stochastically, with

parameter distributions (for MPC amplitude, delay, and duration) for each environment

based on a large set of measurement data.

Purely stochastic channel models can be obtained either from geometric and numerical anal-

ysis without using measurements or they can be wholly empirical. Early cellular radio

channel models, e.g., the COST 207 models, are examples of the latter. These types of mod-
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Figure 3.4: UAV AG channel model characterization.

els are becoming less and less common over time though, as incorporation of known physical

information is shown to improve accuracy, and the greater model complexity is no longer

prohibitive because of continuing advances in computer memory capacity and computational

power. Geometric based channel models for AG propagation generally require three spatial

dimensions to be accurate. The associated velocity vector for UAV motion in space also

requires three dimensions, although 2D approximations can often be very accurate. In order

to model the scatterers around the GS, two elliptical planes intersecting a main ellipsoid

were considered in [84, 85, 139, 146], where the MPCs are defined by the ellipsoid and the

two elliptical planes. Scatterers are considered to be randomly distributed on two spheres

surrounding the TX and the RX in [83]. In [82,98], the distribution of scatterers around the

GS is modeled using a three dimensional cylinder.
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The geometry-based stochastic channel models (GBSCMs) can be further classified into

regular shaped GBSCMs (RS-GBSCMs) or irregular shaped GBSCMs (IS-GBSCMs). For

RS-GBSCMs, the scatterers are assumed to be distributed on regular shapes e.g., ellipsoids,

cylinders, or spheres. These models often result in closed form solutions, but are of course

generally unrealistic. In contrast, the IS-GBSCM distributes the scatterers at random loca-

tions through some statistical distribution. The properties of the scatterers in both cases are

generally defined beforehand. In some cases, authors assume a large number of scatterers a

priori, and via the Central Limit Theorem, obtain a Ricean amplitude distribution to ob-

tain estimates of the CIR based upon some geometry. Alternatively, signal interaction from

randomly distributed scatterers can be estimated directly, or with the help of ray tracing

software [140, 142, 150]. A non-geometric stochastic channel model (NGSCM) based on a

Markov process is provided in [100]. The ground to air fading channel was described by a

Markov process that switches between the Ricean and Loo models, dependent on the flight

altitude.

3.4.2 Path Loss and Large Scale Fading Models

As noted, in mostly-LOS AG channels, large scale fading only occurs when the LOS path

between UAV and GS gets obstructed by an object that is large relative to a wavelength.

Some models for this attenuation mechanism exist (e.g., terrain diffraction, tree shadowing),

but not much measurement data for UAV channels obstructed by buildings has been reported.

When the LOS path does not get obstructed, the only other truly large-scale effect is the

two-ray variation from the earth surface MPC. There are numerous measurement campaigns

in the literature for PL estimation in different environments, as summarized in Table 3.5.

Large scale fading models in the literature cover both the PL and shadowing.

In the majority of the literature, the well-known terrestrial based log-distance PL model
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with free space propagation path loss reference (”close-in,” CI) is used:

LCI(d) = PL0 + 10γ log10(d/d0) +XFS, (3.2)

where LCI(d) is the model path loss as a function of distance, PL0 is the PL at reference

distance d0 in free space given by 10log[
(

4πd0

λ
)2], γ is the path loss exponent (PLE) obtained

using minimum mean square error best fit, and XFS is a random variable to account for

shadowing, or in the case of LOS channels, the variation about the linear fit. In free space

the value of PLE is 2, but as seen from Table 3.5, measured values of PLE vary from

approximately 1.5 to 4. One might conceptually divide the path between the UAV and the

GS into two components: the free space component above the ground and the remaining

terrestrial influenced components. When the GS antenna height is well above surrounding

obstacles, we expect the terrestrial components to have smaller effect and the PLE is near

to that of free space.

Another PL model used in the literature for large scale fading is floating intercept (FI) [156].

This model is similar to (3.2), but the free space PL at reference distance is eliminated and

the model is dependent on two parameters represented as α and β [152], where α is the slope

and β represents the intercept given as

LFI(d) = α10 log10(d) + β +XFI, (3.3)

where XFI is a random variable representing the variation of the PL.

The two PL models discussed above are based on single slope. These models hold in ar-

eas where the characteristics of the channel do not change drastically. However, in some

settings with NLOS paths and complex geometries resulting in higher order reflections and

diffractions, these single-slope models can have large regression errors. In such cases, a dual

slope (DS) PL model is sometimes used [155, 157]. This model is similar to the FI model,
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but has two different slopes for different link distance ranges, and can be represented as

LDS(d) =
αd110 log10(d) + βd1 +XDS, d ≤ d1

αd110 log10(d1) + βd1 + αd210 log10(d/d1) +XDS, d > d1

(3.4)

where αd1 , αd2 are the slopes of the fits for at two link distance ranges separated by threshold

d1, and XDS is a random variable representing the variation in the fit.

PL estimates using log-distance models (3.2) are given in [29, 86, 94, 95, 104, 108–110, 115–

117, 123, 139, 143, 154, 158]. There are other PL models that consider shadowing for NLOS

paths, and additional losses incurred from other obstacles PL [114, 141, 153]. Due to the

potential three dimensional motion of UAVs, modified free space PL models accounting

for UAV altitude can also be developed; several that are a function of elevation angle are

considered in [140,142,159].

The two ray PL model described earlier in subsection 3.1.3 is provided in [70,88,105–107,109–

111,123]. In case of two ray PL modeling, the variation of the PL with distance has distinctive

peaks due to destructive summation of the dominant and surface-reflected component. In

the majority of PL models, PL variation is approximated as a log-normal random variable.

This variation can be either due to shadowing from the UAV body (see next subsection) or

from MPCs attributable to terrestrial scatterers such as buildings [29,70,86,88,91,104,107,

108,110,117,123,139,141].

In [152], log-distance FI models for the path loss exponent and shadowing for the AG radio

channel between airborne UAVs and cellular networks is presented for 800 MHz and UAV

heights from 1.5 m to 120 m above ground. In [155], the low altitude AG UAV wireless

channel has been investigated for a scenario where a UAV was flying above an ensemble of

containers at 5.76 GHz. Narrow- and wideband measurements have been carried out. The
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paper presents a modified path loss model and power delay profiles. Most interesting is that

in this particular environment, delay dispersion actually increases with altitude as the UAV

rises above metallic structures.

Another common model used in the literature [81, 160–165] averages the path loss over the

probabilities of LOS and NLOS path loss as follows [81,166]:

PLavg = P (LOS)× PLLOS +
[
1− P (LOS)

]
× PLNLOS , (3.5)

where PLLOS and PLNLOS are the path loss in LOS and NLOS conditions, respectively,

P (LOS) denotes the probability of having a LOS link between the UAV and the ground

node, given by [81,166]:

P (LOS) =
m∏
n=0

[
1− exp

(
−

[hU − (n+1/2)(hU−hG)
m+1

]2

2Ω2

)]
, (3.6)

where we have m = floor(r
√
ςξ − 1), r is the horizontal distance between the UAV and the

ground node, hU and hG are as shown in Figure 1 of this survey, ς is the ratio of built-up

land area to the total land area, ξ is the mean number of buildings per unit area (in km2),

and Ω characterizes the height (denoted by H) distribution of buildings, which is based

on a Rayleigh distribution (P (H) = (H/Ω)2 exp(−H/2Ω2)). In [81], for a specific value of

θ in Figure 2 of [81], a sigmoid function is also fitted to (3.6) for different environments

(urban, suburban, dense urban, and high-rise urban) to enable analytical tractability of

UAV height optimization. Since (3.5) averages the path loss over large number of potential

LOS/NLOS link possibilities, it should be used carefully if used with system-level analysis

while calculating end metrics such as throughput and outage. Similarly, path loss variability

should be added to the model of (3.5).

Selection of a suitable PL model for a given AG propagation scenario is pivotal. In most

of the literature, the PL model for of (3.2) is used due to its simplicity and provision of a
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standard platform based on reference distance free space propagation loss for comparison

of measurements in different environments. A reference distance of 1 m is often taken as a

standard for short-range systems, but larger values are also used. However, in some scenarios,

where the reference free space propagation loss is not available, the FI model (3.3) may be

used. Yet due to lack of any standard physical reference, the FI slope cannot be deemed

PLE and will be dependent on the environment. Additionally, the variability of the PL is

generally a zero mean Gaussian random variable that has approximately similar values for

both the CI and FI model types.

A general recommendation for selection of path loss model for a given measurement scenario

from Table 3.5 is as follows: for an open flat or hilly area with light suburban, rural or no

terrain cover, and for over water, the two ray PL model or free space reference log-distance

model (3.2) may be preferred. For open flat or hilly environments with urban terrain cover,

or for complex geometrical environments with longer NLOS paths, a dual slope PL (3.4)

or free space reference log-distance PL 3.2 may be best. The FI model in (3.3) may be

preferred in certain specialized environments e.g., [155]. In Table 3.5, the model types

denoted log-distance refer to the general log-distance equation for path loss with different

reference distances and additional parameters.

3.4.3 Airframe Shadowing

Airframe shadowing occurs when the body of the aircraft itself obstructs the LOS to the

GS. This impairment is somewhat unique to AG communications, and not much exists in

the literature on this effect. One reason for this is that such shadowing can be largely (but

not always completely) alleviated by using multiple spatially separated antennas: airframe

shadowing on one antenna can be made unlikely to occur at the same time as shadowing

on the other(s). In addition to frequency and antenna placement, shadowing results also

depend on the exact shape, size, and material of the aircraft. For small rotorcraft, depend-
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ing on frequency and antenna placement, airframe shadowing could be minimal. Example

measurement results, as well as models for airframe shadowing, for a fixed wing medium

sized aircraft, were provided in [167].

For these results, at frequencies of 970 and 5060 MHz, wing shadowing attenuations were

generally proportional to aircraft roll angle, with maximum shadowing depths exceeding 35

dB at both frequencies. Shadowing durations depend upon flight maneuvers, but for long,

slow banking turns, can exceed tens of seconds.

3.4.4 Small Scale Fading Models

Small-scale fading models apply to narrow-band channels or to individual MPCs, or taps

in tapped delay line wide-band models, with bandwidth up to some maximum value (i.e.,

small scale fading may not pertain to MPCs in a UWB channel). The depth of small scale

amplitude fades on a given signal also generally varies inversely with signal bandwidth [168].

Stochastic fading models are obtained through analysis, empirical data, or through geometric

analysis and simulations [82–84,98,139,146]. As noted in subsection 3.4.1, the GBSCMs can

be subdivided into RS-GBSCM and IS-GBSCM. In [146], a time-variant IS-GBSCM was

provided with a Ricean distribution for small scale fading. Time-variant RS-GBSCM were

provided in [83,98], and these also illustrated Ricean small scale fading.

A NGSCM was provided in [100], where GA fading was described using Ricean and Loo

models. The Loo model was derived based on the assumption that the amplitude attenuation

of the LOS component due to foliage in a land mobile satellite link follows a log-normal

distribution, and that the fading due to MPCs follows a Rayleigh distribution. The switching

between Ricean and Loo models was controlled by a Markov process dependent on flight

height. In [84], a GBSCM for MPCs was provided in the form of shape factors describing

angular spread, angular compression, and direction of maximum fading using the probability
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density function (PDF) of angle of arrival.

Table 3.6 provides measured small scale AG fading characteristics reported in the literature

for various environments. As previously noted, the most common small scale fading distri-

bution for AG propagation is the Ricean. As in terrestrial channels, for the NLOS case, the

Rayleigh fading distribution typically provides a better fit [87, 91, 99, 102,104,147,169], and

of course, other distributions such as the Nakagami-m and Weibull distributions might also

be employed. Small scale fading rates depend upon velocity, and these rates are proportional

to the Doppler spreads of the MPCs [100,103,104,106,113,113].

3.4.5 Intermittent MPCs

Another AG characteristic that may be of interest in high-fidelity and long-term channel

models is the intermittent nature of MPCs. From geometry, it is easy to deduce that for

a given vehicle trajectory in some environment, individual MPCs will persist only for some

finite span of time [88]. This has been noted in V2V channels as well, but with UAVs and

their potentially larger velocities, the intermittent MPC (IMPC) dynamics can be greater.

These IMPCs arise (are ”born”) and disappear (”die”) naturally in GBSCMs. They may

also be modeled using discrete time Markov chains. The IMPCs can significantly change the

CIR for some short time span, hence yielding wide variation in RMS-DS. (Another manifes-

tation of so-called ”non-stationarity.”) Example models for the IMPCs–their probability of

occurrence, duration, delay, and amplitude–appear in [88,92,111].

From [70] the fading of MPCs as a function of time and delay. The amplitude of MPCs

generally decay with excess delay at a given time instant. Additionally, there is a continuous

birth and death process of MPCs at different instants of time. This can be represented using

CIR as [70]:

h(t, τ) =

M(t)−1∑
i=0

pi(t)ai(t) exp(jφi(t))δ(τ − τi(t)), (3.7)
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where h(t, τ) is the time variant channel impulse response, M(t) is the total number of

MPCs at time instant t, pi(t) represents the multipath persistence process coefficient and

can take binary values [0, 1]. The amplitude, phase and delay of ith MPC at time instant

t are represented as ai(t), φi(t) and τi(t) respectively. The phase term is given as φi(t) =

2πf id(t)(t− τi(t))− fc(t)τi(t), where f id(t) = v(t)fc(t) cos(Θi(t)/c is the Doppler frequency of

the ith MPC, Θi(t) is the aggregate phase angle in the ith delay bin, c is the speed of light

and fc represents the carrier frequency. The channel transfer function H(f, t) from (3.7) is

then given as follows:

H(f, t) =

M(t)−1∑
i=0

pi(t)ai(t) exp
(
j2πf id(t)

(
t− τi(t)

))
× exp

(
− j2πfcτi(t)

)
exp

(
− j2πfτi(t)

)
,

(3.8)

The effect of the Doppler spread is typically negligible compared to carrier frequency at lower

velocities. Therefore the carrier frequency term will dominate the variation of the transfer

function.

3.4.6 MIMO AG Propagation Channel Models

The use of MIMO systems for AG UAV communications has been gaining popularity. The

rationale, increased throughput and reliability, is the same one driving mmWave and future

5G research. In [170], it was shown that it is possible to attain higher spatial multiplex-

ing gains in LOS channels by properly selecting the antenna separation and orientation as

a function of carrier wavelength and link distance. This careful alignment is not always

practical or possible with UAVs, especially when mobile.

The advantages of spatial diversity and multiplexing gains in MIMO are often only moderate

due to limited scattering available near UAVs or GSs. In [171], it was demonstrated that due
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to limited spatial diversity in the AG channel, only moderate capacity gains are possible. In

order to obtain better spatial multiplexing gains, larger antenna separations are required,

and this requires large antenna arrays that are not feasible on-board small UAVs. Use

of higher carrier frequencies makes it possible to use electrically-large antenna arrays, but

higher frequencies yield higher PL (this can be mitigated somewhat by beamforming, at the

expense of the complexity required for beam steering). Moreover, accurate channel state

information (CSI) is important for MIMO systems for higher performance, but in a rapidly

varying AG propagation channel, it can be difficult to provide accurate CSI and hence MIMO

gains can be limited. The use of MIMO on airborne platforms also incurs additional cost,

computational complexity, and power consumption.

There is a limited number of studies available in the literature for MIMO AG propagation

channel measurements. In [96], a detailed measurement analysis of the AG MIMO propa-

gation channel was provided. It was observed that a considerable spatial de-correlation of

the received signal at the GS is achieved due to the interaction of non-planar wavefronts.

These wavefronts are generated due to near field effects from the measurement vehicle, on

which the GS antennas were mounted. Spatial diversity from antennas located on the UAV

was also observed, interestingly at higher elevation angles. The authors suggest that having

scatterers near the GS can yield larger spatial diversity. The received signal in [119] was

analyzed for multiple-input-single-output (MISO) and MIMO systems, and it was observed

that the use of MIMO systems enables a more robust channel for changes in antenna orien-

tations arising from UAV maneuvering. In [121], MIMO system performance was tested in

different scenarios of the outdoor environment, including urban, rural, open field, and forest.

The effect of terrain cover on the received power was analyzed for these different scenarios

with the result that the propagation channel in the open field is mostly influenced by the

ground reflections, whereas in case of forests, the reflection and shadowing from the trees is

a major contributor to the propagation channel characteristics. In rural and urban cases,

the reflections from the walls and surfaces of building structures play an important role.
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Dry earth

Figure 3.5: Ray tracing simulation scenario for over sea scenario, where the UAV flies over a straight line.

Time-variant GBSCMs for MIMO systems provided in [83,98,146,172] were explored through

simulations. A simulation based AG MIMO channel propagation model was provided in [139]

for a hilly area. The results indicate increased throughput from spatial multiplexing and

higher SNR from the MIMO system in comparison to SISO, as expected. A stochastic model

for a mobile to mobile AG MIMO propagation channel was presented in [83]. These results

show that there was considerable capacity increase and reduction in outage probabilities using

MIMO systems if perfect instantaneous CSI is available. In [172], geometry-based simulations

were conducted for a massive MIMO implementation for a UAV AG propagation channel.

The simulation results illustrate the expected result of a significant capacity increase when

a large number of antennas is used at the GS.

3.4.7 Ray Tracing Simulations

In the literature, in addition to measurements, channel characterization for AG propagation

is also carried out using simulations. These simulators are either based on customized channel

environments on a given software platform or can be realized using ray tracing simulations.

There are PL models available for these simulated environments [81, 140, 142, 143, 159, 169].

Urban environmental scenarios for LOS and NLOS paths were considered in [81, 140, 142]

where log-distance and modified free space PL models were suggested. In [143] a log-distance
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Figure 3.6: Ray tracing PL results for over sea water settings, (a) C-band (5.03 GHz - 5.091 GHz) , (b)
L-band (0.9 GHz - 1.2 GHz).
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Figure 3.7: Zoomed in results of PL for over sea water simulations of Figure 3.6 for C-band at link distances
of 13 km - 14 km.

path model was provided for LOS and NLOS paths for over sea settings in a simulated envi-

ronment. However, to the best knowledge of the authors, there are no specific experimental
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Figure 3.8: Path loss versus distance with/without scatterers, and without the sea surface: (a) 100 m to
2 km range, and (b) 1300 m to 1350 m range.

studies available in the literature that experimentally validate the channel models proposed

using geometrical analysis and simulations in [81,140,142,143,159,169].

Ray tracing was used for mmWave channel characterization for 28 GHz and 60 GHz frequency

bands for UAV AG propagation in [30]. Different environments were realized, namely urban,

suburban, rural and over sea. It was observed that the RSS follows that of the two ray model

and is further affected by the presence of scatterers in the surroundings. The RMS-DS was

also affected by the presence of scatterers in the surrounding environment and the UAV

height in the given environment. If the height of the scatterers is large with dimensions

large relative to a wavelength, we observe higher RMS-DS for higher UAV altitudes due to

multiple reflections from the densely distributed scatterers. In contrast, if the height of the

scatterers is small, we have smaller RMS-DS at higher UAV heights due to fewer significant

MPCs reaching the UAV. This phenomena is verified at 28 GHz and 60 GHz, where at

60 GHz, we have smaller RMS-DS than at 28 GHz due to higher attenuation of MPCs.

Ray tracing simulations using Wireless InSite software were carried out to estimate PL for

an over-sea scenario as shown in Figure 3.5. The channel measurement parameters were set

according to [88], and the simulated PL results were compared with the measured values.
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Figure 3.9: Measurement results for PL over sea scenario from [88]: (a) C-band (5.03 GHz - 5.091 GHz), (b)
L-band (0.9 GHz - 1.2 GHz).

Figure 3.6 shows the simulated PL results. In this simulated environment, we have buildings

as scatterers near the transmitter. Due to reflections and diffractions from these scatterers we

observe additional fluctuations on top of the two ray propagation model. The deviations are

due to MPCs reflected and diffracted from the different-shaped scatterers at different angles.

These weak MPCs reach the UAV receiver at different link distances resulting in variations
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from the two ray model as shown in Figure 3.7 at a link distance between 13 km-14 km.

Similarly in Figure 3.8(a), the effect of MPCs from scatterers around the TX for link distances

100 m-2 km are shown. It can be observed that without the scatterers and seawater (with

ground only), we have a perfect two ray PL model. Yet in the presence of the scatterers

around the TX, superimposed upon this effect is variation from additional MPCs from the

scatterers; this yields what can be modeled as a random path loss component on top of the

two ray model, or in effect a small scale fading. This effect is of course dependent on the

geometry of the scenario and will cause the path loss to vary along the trajectory of the

UAV. A similar effect at the larger link distance range of 13 km-13.5 km in Figure 3.8(a)

can be observed in Figure 3.8(b).

Figure 3.9 shows measured and model PL results from [88] for over-sea settings, where CE2R

and FE2R stands for curved earth two ray and flat earth two ray model, respectively. There

is a good match between the ray tracing simulation results and analytical results for this over

sea scenario in Figure 3.6, but when comparing measurement data with simulation data, we

observe more fluctuations in measurements due to several factors: measurement equipment

variation, ambient noise, and in particular scattering from the rough sea surface, which is

not as easily modeled with the basic ray tracing. Also plotted along with the measurement

data in Figure 3.9 are analytical results for free space and curved- and flat-earth two ray

models. The curved- and flat-earth two-ray models are obtained using the specific geometry

and conditions of the measurement environment.
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Table 3.5: Large scale AG propagation channel fading characteristics.

Scenario Ref. Path
(LOS/NLOS)

Model type PLE (γ) or
(α, β)

parameters

Intercept PL0PL0PL0

(dB)
σσσ (dB)

Suburban, open
field [29]

LOS,OLOS log-distance PL γ : 2.54− 3.037 21.9− 34.9 2.79-5.3

Hilly suburban
[107]

LOS - − - 3.2-3.6
L-band, 1.9-3

C-band
Lightly hilly rural
(for hU = 120 m)
for other values of

the height, see
Table II in the

paper

[152]
LOS log-distance PL

(alpha-beta
model)

α = 2.0, β =
−35.3

- 3.4

Urban, suburban,
rural [113]

- Free space PL − - -

Urban
[114]

- Free space PL − - -

Urban
[86]

LOS Log-distance PL γ : 1.6 L-band,
1.9 C-band

102.3 L-band,
113.9 C-band

-

Urban, suburban
[110]

LOS Log-distance PL,
two ray model

γ : 1.7 L-band,
1.5− 2 C-band

98.2− 99.4
L-band,

110.4− 116.7
C-band

2.6− 3.1
L-band,
2.9− 3.2
C-band

Urban, suburban
[141]

LOS,NLOS Modified free
space PL

- - -

Urban, open field
[95]

LOS Log-distance PL γ : 2.2− 2.6 - -

Urban
[153]

LOS,NLOS Modified free
space PL

- - -

Urban
[154]

- Modified LUI
model

- - -

Urban, rural
[91]

LOS Log-distance PL γ : 4.1 - 5.24

Near airports
[104]

LOS Log-distance PL γ : 2− 2.25 - -

Open field
[116]

- Log-distance PL γ : 2.01 - -

-
[117]

LOS Log-distance PL γ : 2.32 - -

Hilly,
mountainous [108]

LOS Log-distance PL γ : 1.3− 1.8
L-band, 1− 1.8

C-band

96.1− 106.5
L-band,

115.4− 123.9
C-band

3.2− 3.9
L-band,
2.2− 2.8
C-band

Forest/foliage
[118]

- - - - -

Over sea
[92]

LOS Two ray PL - - -

Over water, sea
[108]

LOS Log-distance
PL, two ray PL

γ : 1.9, 1.9 over
water and sea
for L-band,
1.9, 1.5 over

water and sea
for C-band

104.4, 100.7 over
water and sea
for L-band,

116.3, 116.7 over
water and sea

for C-band

3.8− 4.2 over
water and sea
for L-band,
3.1− 2.6 for

over water and
sea for C-band

Over sea
[123]

LOS Two ray PL, log
distance PL, free

space PL

γ : .14− 2.46 19− 129 -

Ensemble of
containers, see
Table II in the

paper

[155]
LOS Dual slope, − − -
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Table 3.6: Small scale AG propagation channel fading characteristics.

Ref. Scenario Time-
variant/Time-
invariant

Modeling
type

Frequency
spectrum

DS
(Hz)

Fading dis-
tribution

K -factor (dB)

[87] Urban/Suburban Time-
invariant

Statistical Narrow-
band

- Ricean -

[29] Suburban/Open
field

Time-
invariant

Statistical Ultra-
wideband

- Nakagami -

[113]
Suburban/Open

field
Time-variant - - 833 - -

[114]
Urban/Suburban - - Narrow-

band
- -

[91] Urban/suburban Time-
invariant

Statistical Wide-band - Rayleigh,
Ricean

-

[104]
Urban/suburban - Statistical Wide-band 1400 Ricean (-5)-10

[110]
Urban/Suburban Time-variant Statistical Wide-band - Ricean 12-27.4 in L

and C band

[124]
Hilly Time-variant - Wide-band 10000 - -

[118]
Forest/foliage - Statistical Ultra-

wideband
- Ricean,

Nakagami
2-5

[109]
Sea/fresh water Time-variant Statistical Wide-band - Ricean 12, 28 for L and

C band

[101]
- Time-variant Statistical Wide-band 5820 - -
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3.5 Future Research Areas for AG UAV Channel Mea-

surements and Models

In this section we discuss limitations of currently available AG channel measurements and

models and their possible enhancements. We also identify some representative considerations

for future research. Our aim is to incite development of more comprehensive, realistic, and

accurate propagation channel models for future UAV communication applications.

3.5.1 Future Small UAV scenarios

In future scenarios small UAVs will fly in cities, across suburban areas, and over rural terrain.

There are two conceptually very different communication approaches for small UAVs: the

first approach is based on centralized communications, i.e., UAVs communicate with base

stations similar to the concept of 3G and 4G cellular mobile radio. These base stations would

preferably be located on elevated positions such as towers or roof tops and have antennas

whose radiation patterns are optimized for serving these UAVs. The second approach foresees

direct communications among all UAVs, similar to vehicular communications such as ITS-G5

(intelligent transportation systems communications standard at 5.9 GHz). Both approaches

have their pros and cons in terms of robustness, latency, and capacity; as implied, no decision

has been made so far on which approach to use and only a few channel measurements have

been carried out so far for both approaches.

The scenarios that have to be considered for future propagation measurements should encom-

pass urban, suburban, industrial, rural, and even indoor or ”quasi-confined” areas such as

large arenas or stadiums. Attention should be directed not only to en-route situations; even

though these might be less demanding in terms of propagation conditions, strong multipath

components are likely to occur due to reflections from smooth wet ground or bodies of wa-
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ter, and from large buildings with metalized window fronts. In addition we also recommend

investigating the channel for take-off and landing scenarios, be it on roof tops, in gardens,

or in other specifically assigned areas. In these take-off and landing conditions, propagation

may be unfavorable due to shadowing, strong diffraction, and rich multipath, and it is in

these cases where communication must work very reliably. Moreover, we think that the

propagation conditions for flights that bring UAVs intentionally close to building facades,

power lines, containers, and other objects (e.g., for inspection) should also be investigated

as such propagation may exhibit special or atypical features.

3.5.2 UAV AG Propagation Measurements

Existing AG propagation channel measurements and models mostly apply to aeronautical

communications at higher flight altitudes than envisioned for small UAVs. These smaller

structures have limited on-board computation capabilities, strict power limitations, and can

only fly at much lower altitudes, and at present, only for short durations. There is a growing

demand for higher data rates, low latency, and high reliability for future communications,

and this will be challenging for current civilian UAV architectures.

There are usually two types of communications maintained simultaneously for UAVs: pay-

load and CNPC. However, currently there are no standards adopted worldwide for these

two types of communications for UAVs. Both can have their own operating bands that may

or may not overlap. The CNPC communication links are pivotal for maintaining safety of

flight and any interference can be catastrophic. Standards organizations are thus working

on robust loss of link procedures. Moreover, the CNPC needs to be secure and resistant to

jamming and hacking attacks. The USA has developed a standard, primarily for medium

and large aircraft [173], with standards envisioned for smaller UAVs in the future.

Future measurement campaigns should take into account not only a great variety of buildings
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- small and large ones, rectangular and irregularly shaped ones, industrial facilities, halls, and

towers - but also reflecting areas like bodies of water, streets, and squares, and demanding

situations when a UAV lands on a terrace or the like. Especially for modeling the UAV-

to-UAV channel, different velocities and flight situations should be investigated, e.g., two

UAVs flying toward each other, with one UAV near ground and the other up in the air, and

swarms of UAVs flying with the same velocity. For cellular-like deployments, interference is

likely to be a significant issue that influences network planning. Thus, it would be useful to

have measurements up to far distances (and over different terrain). We envisage that the

UAV-to-UAV channel for small UAVs in urban areas is as diverse as the car-to-car channel,

the latter being modeled as a 2.5 dimensional channel whereas the UAV-to-UAV channel

will often need to be modeled as a 3 dimensional channel.

In addition to the UAV settings, there are several other factors that need to be taken into

account for comprehensive AG propagation measurements using UAVs. One of these is the

placement and orientation of antennas. The placement of antennas should be such that there

is minimum shadowing and noise effect from the air-frame and motors while flying. Achieving

this is not always easy, and will usually be UAV-specific. The antenna orientation has been

shown to result in different throughputs and RSS values [94, 95, 116, 117] for different flight

maneuvers. In order to provide better coverage during flight, omni-directional antennas on

both TX and RX are commonly used, especially for CNPC communications. The use of

directional antennas is dependent on the specific application and coverage. When selecting

UAV antenna options, the mechanical viability for a given UAV type should also be taken

into account e.g., a long helical antenna or yagi uda structure may be difficult to mount on

a fixed wing aircraft compared to a horn or patch antenna.

There is no fixed number of antennas recommended for optimum performance, and the

number of antennas will depend on the operating frequency, UAV size, and operational en-

vironments. In many experiments multiple antennas are used on UAVs, and these may be
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helpful for improved coverage and diversity gains, but at the expense of increased computa-

tion, space, and power requirements.

The ambient conditions on-board UAVs must also be taken into account for precise measure-

ment of any communication link characteristics (for CNPC or otherwise). These ambient

conditions include noise from the motors, noise from aircraft electronics, air friction while

moving, sudden air gusts, temperature variations, and outside-system interference. The lat-

ter may be particularly severe for unlicensed bands. Another consideration with the use of

unlicensed bands and commodity radios is that the adaptive modulation and coding algo-

rithms employed for terrestrial networks (which often assume quasi-stationary conditions)

may not work so well when directly applied to highly dynamic UAV AG propagation chan-

nels.

Nearly all current day channel measurements take advantage of positioning information,

typically from global navigation satellite systems, with GPS being the most widely used. In

addition to position information, GPS signals also provide an accurate time reference. De-

pending on measurement requirements and the envisioned application, the accuracy of GPS

may or may not be sufficient, and this should be considered before beginning measurement

campaigns.

When using UAVs in swarms, the location and mobility aware routing methods that are

used for terrestrial networks may need to be adapted to account for the three dimensional

movement of UAVs. Similarly, route selection algorithms for mobility aware networks will

need to consider the fast varying channel conditions during UAV flight.

3.5.3 UAV AG Propagation Channel Models

The UAV AG propagation literature mostly covers the modeling of PL, as described in

Section 3.4.2. As noted, and as is common for terrestrial channels, the PL models are
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typically provided as a function of link distance. For UAVs there might be other models

appropriate for certain cases, for example a PL model as a function of UAV altitude in a

given setting, or even indoor UAV PL models for certain settings (e.g., large arenas).

The most accurate UAV AG propagation channel models are of course time varying, but in

some cases these can be specialized to time-invariant approximations, e.g., when a UAV is

hovering above an area of static objects. In [88,92,108,111], the channel is considered to be

quasi stationary only for short distances, and small scale fading parameters are evaluated

over that stationarity interval. Additional studies of the stationarity distance should be

conducted for other UAV propagation scenarios, using multiple metrics: the PDP correlation

coefficient, correlation matrix collinearity, spectral divergence, and evolutionary spectrum

have all been used, but each metric has its own advantages and disadvantages. Depending

on environments, additional UAV measurement campaigns will likely result in more elaborate

UAV AG propagation channel models, that may make use of MPC clusters, spatial (angular)

information, and correlations among model parameters. Ultimately, deterministic and hybrid

channel models using GBSCM principles will likely evolve to be the most widely used to

characterize UAV AG propagation.
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Chapter 4

UWB Air-to-Ground Propagation

Channel Characterization in an Open

Area

4.1 Introduction

The use of civilian unmanned-aerial-vehicles (UAVs) for applications such as video record-

ing, surveillance, search and rescue, and hot spot communications has seen a surge in recent

years. Compared to other aerial platforms, highly mobile UAVs have several advantages,

including ease in take-off/landing and operability, multiple varieties of simple flight controls,

small size, and affordable prices. These features make them excellent candidates for numer-

ous current and future applications. One promising applications is in the field of wireless

communications, e.g., providing on-demand access to hot spot or disaster-hit areas [174,175].

A recent example was seen in Puerto Rico, after Hurricane Maria, where a large portion of

the cellular infrastructure was damaged. UAVs were used there by AT&T as base stations

to provide cellular coverage [176].
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There are limited studies available on air-to-ground (AG) propagation channel characteriza-

tion in the literature [174, 177]; here we cite a few examples. Narrowband AG propagation

channel measurements using UAVs in an urban environment [178] consider a Loo model (Rice

and lognormal) for signal amplitude variations. A two-ray path loss model in an urban envi-

ronment was observed to fit narrowband measurements carried out in an urban environment

in [179]. Wideband AG propagation channel measurement campaigns in the L-band and

C-band were performed for over water, mountains and hilly area, suburban, and near-urban

environments in [180–182]. Large scale and small scale propagation channel statistics and

quasi-deterministic channel models were provided. Due to the difficulty of flying UAVs over

populated and high-rise building areas, ray tracing simulations provide an alternative ap-

proach for channel characterization in these settings [183–185]. Even with the literature

in this area growing, there are limited AG propagation studies with UAVs in comparison

to terrestrial, especially studies that specifically focus on the antenna radiation pattern ef-

fects [183,186,187].

To the best of our knowledge, there are also very few ultra-wideband (UWB) AG propagation

channel measurements in the literature, except for our previous studies [17, 186, 188]. In

these studies, UWB AG propagation channel measurements and analyses were performed in

different propagation environments. This present paper is a major extension of our previous

work in [188]. Here, our new contributions include a new analytical path loss model for

the unobstructed UAV hovering and moving (in a circular path) propagation scenarios.

Ray tracing simulations were also conducted for the unobstructed UAV hovering scenario.

In addition, analysis of best fits for the power delay profiles (PDPs) based on the Saleh-

Valenzuela and single exponential models are provided. We also provide additional channel

statistics: the root mean square delay spread (RMS-DS) and Ricean K-factor.

In [17], UWB AG propagation channel characteristics using UAVs were studied in an open

area and suburban area for different propagation scenarios. The empirical data was used to
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Figure 4.1: Channel measurement area from Google Earth.

develop a statistical channel model. In [186], the effect of elevation angle for the received

power at different UAV altitudes and antenna orientations were discussed for UWB prop-

agation in an open area. The gain of the omni-directional dipole antenna in the elevation

plane was modeled as a trigonometric function of elevation angle between the UAV and the

ground station (GS). Overall, the large bandwidth of UWB radio signals allows high temporal

resolution of multipath components (MPCs) that can provide detailed impulse response in-

formation for a given propagation environment. Studying these MPC characteristics can help

in understanding the AG propagation channel for future broadband communications [174].

In this paper, we report on comprehensive channel measurements in an open area for three

conditions: (1) unobstructed line-of-sight (LOS) path (no foliage) when the UAV is hovering;

(2) obstructed line-of-sight (OLOS) path due to foliage within the link while the UAV is

hovering; and, (3) unobstructed LOS path while the UAV is moving in a circular trajectory. A

snapshot of the measurement area from Google Maps is shown in Fig. 4.1. The measurements

were conducted using different horizontal and vertical distances of the transmitter (TX) on

the UAV to the receivers (RXs) on the ground. Two different antenna orientations, vertical

and horizontal (also corresponding to the linear polarization), were used at the TX, whereas

the orientation of the RX antennas was always vertical. The channel measurements were

obtained using Time Domain P440 UWB radios operating in the frequency range 3.1 GHz -

4.8 GHz. All antennas are omni-directional in azimuth.
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The main contributions of this AG measurement study can be summarized as follows:

• The received power for the co-polarized antennas is mainly dependent on the antenna

gain of the LOS component in the elevation plane for unobstructed UAV hovering

scenario. For this scenario, we provide an analytical path loss model based on the

antenna gain in the elevation plane, and we compare path loss measurements for this

scenario with ray tracing simulation results.

• Antenna orientation mismatch results in higher path loss and RMS-DS, a larger number

of weak multipath components (MPCs), and smaller Ricean K-factor than the co-

polarized case. Moreover, the OLOS scenario introduces additional attenuation and

MPCs due to foliage, resulting in further reduction in the K-factor.

• The motion of the UAV in an unobstructed circular path provides mitigation against

antenna polarization mismatch effects in comparison to the unobstructed UAV hovering

scenario. These include smaller path loss and RMS-DS for the unobstructed UAV

moving scenario compared to the unobstructed UAV hovering scenario for the cross-

polarized case.

• The Saleh Valenzuela (SV) model is found to provide a better fit for the power delay

profile (PDP) than the single exponential model.

The organization of this paper is as follows. Section 4.2 explains the channel measurement

setup and experiment scenarios. Using the data obtained from these experiments, Section 4.3

describes channel impulse response (CIR) characterization, PDP model fitting, and small

scale channel statistics. In Section 4.4, antenna radiation pattern modeling, received power

and path loss modeling are provided. This includes empirical path loss results as well as

results from ray tracing simulations.
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Figure 4.2: AG propagation scenarios in an open area for (a) unobstructed UAV hovering, (b) UAV hovering
with tree foliage obstruction, (c) unobstructed UAV moving in a circular trajectory. Radiation patterns of
the UWB antennas are also shown for different antenna orientations.

4.2 Channel Measurement Setup and Experiment Sce-

narios

In this section, we describe the channel measurements conducted using Time Domain P440

radios and a DJI Phantom 4 UAV. The measurements were carried out in an open field

close to North Carolina State University’s Centennial campus. A Google map image of the

measurement area is shown in Fig. 4.1. The three different measurement scenarios are shown

in Fig. 4.2.
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Figure 4.3: Channel measurements using DJI Phantom UAV and UWB P440 radios at two RX positions
(snapshot from the UAV).

4.2.1 Channel Sounding with Time Domain P440 UWB Radios

Channel sounding equipment is generally very bulky and often requires wired synchroniza-

tion. This puts a constraint on the AG propagation channel measurements with conventional

channel sounders using UAVs. Therefore, we used Time Domain P440 radios for UWB chan-

nel sounding since they provide easy to set up bi-static channel measurements. Additionally,

no physical connection is required for synchronizing the TX and the RX. A central synchro-

nizing clock signal is sent from the TX to the RX through packets. A very narrow pulse with

approximately a Gaussian shape in the time domain is used. The duration of each pulse is

1 ns and the repetition interval of the pulse is 100 MHz, resulting in a scan duration of 100 ns.

The pulses are integrated into custom sized packets. The UAV used for the measurements

was a DJI Phantom 4. Using the GS auto-pilot application [189], the UAV flew exactly at

the designated flight coordinates. A snapshot of the measurement environment is shown in

Fig. 4.3.

Due to the coherent operation of TX and RX, the signal to noise ratio (SNR) can be adjusted

by changing the integration duration, i.e., the number of pulses per packet. By increasing

the pulse integration period, we can achieve longer ranges due to higher SNR. This can

help in overcoming the power emission limitations by FCC [190]. However, a larger pulse
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integration period yields lower data rates, resulting in fewer channel scans captured in a

given timing window. It also requires our channel to be time invariant for a longer period.

In our experiment, we have used a pulse integration of 1024 pulses per packet. This value

ensures that we capture channel scans in a timing window without significant change of the

propagation channel and at a reasonable link distance.

In addition to emission requirements by the FCC for UWB, there are two main factors

affecting the SNR of the received signal. These factors limit the extraction of the CIR using

the CLEAN algorithm [191], which requires a given threshold of SNR. First is the preference

to use omni-directional antennas instead of directional antennas for AG communications, and

the second is the measurement noise. Omni-directional antennas with small antenna gain will

be affected more by variations in the surrounding environment than will directional antennas.

These variations may also be larger for aerial platforms than for terrestrial. Second, we

observed high measurement noise from the equipment on-board the UAVs themselves in

comparison to that observed at the GSs. This is mainly due to noise generated from the

motors and propellers, vibrations on-board the UAV, and possibly other ambient effects, e.g.,

high temperatures experienced on-board the UAV, especially at higher UAV heights during

a sunny day. These factors increase the RX noise, causing more frequent loss of transmitted

packets, hence requiring larger coherent pulse aggregation per packet.

The UWB radios used in the experiment operate in the bi-static mode with a single transmit

and receive antenna. In this mode, the TX continuously sends packets at an inter-packet

delay of 10 ms. A rake RX is used with a delay bin resolution of 1.9073 ps. A standard

32 bin duration is maintained between two measurements i.e., each measurement sample is

processed after 61 ps. The operating frequency range is 3.1 GHz - 4.8 GHz with an effective

bandwidth of 1.7 GHz [192].

The received raw pulses are shown in Fig. 4.4(a) in blue, whereas the reconstructed pulses

shown in red are obtained by convolving the CIR shown in Fig. 4.4(b) with the template
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Figure 4.4: (a) Raw received and reconstructed pulses at the RX, (b) Channel impulse response with respect
to delay obtained from raw received pulses at the RX.

waveform. The CIR in Fig. 4.4(b) is obtained by deconvolving the received pulses with the

template waveform. The blue horizontal lines indicate the amplitude threshold of the MPCs

selected at 20% of the peak amplitude. The channel sounding parameters are provided in

Table 4.1.

4.2.2 Propagation Scenarios for Measurements

The experiments were designed to explore the UWB AG propagation channel characteristics

in a typical open area. The three propagation scenarios are illustrated in Fig. 4.2. For the

first scenario, there is no obstruction between the TX and the RX direct path while the UAV

is hovering. For the second OLOS scenario, the TX and RXs are placed such that there is

a medium-sized tree of height approximately 8 m between them, as shown in Fig. 4.2(b).

The branches and leaves of the tree partially obstruct, scatter and diffract the transmitted

energy. In the third scenario, measurements were taken while the UAV was moving in a

circle at constant altitude, with RXs at the center. The velocity of the UAV was set at

6.1 m/s and the TX orientation with respect to the UAV is kept constant (i.e., we do not

use any gimbal at the UAV to vary antenna direction). The motion in a circle ensures that

distance remains constant between the TX and the RXs.

In all three propagation scenarios, two antenna orientations were used for the TX on the

UAV (vertical and horizontal, corresponding to the polarization). The antennas at the RXs
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Table 4.1: Specifications of channel sounding measurements.

Parameter Parameter
value

Operating frequency
band

3.1 GHz -
4.8 GHz

Center frequency 3.95 GHz
Pulse duration 1 ns
Dynamic range 48 dB

Pulse repetition rate 10 MHz
Noise figure at RX 4.8 dB

RX sensitivity −104 dBm
RX time bin

resolution
1.9073 ps

RX waveform
measurements at

32 time bin
interval

Communication link Packet
communication

Antenna type at TX
and RX

Planar elliptical
dipole

Polarization Vertical
Antenna pattern Omni-

directional in
azimuth

plane (±1.5 dB)
Voltage standing

wave ratio
1.75 : 1

Antenna phase
response

Linear

were always vertically oriented as shown in Fig. 4.2. For the first antenna orientation, the

TX antenna was aligned vertically such that the antenna boresight (with phase center in

the middle) was facing the boresight of the RX antenna, when Tx and Rx were at the same

height. This co-polarized antenna orientation at the RX and TX is called vertical-vertical

and denoted VV. For the cross-polarized antenna orientation, the TX antenna was rotated

90◦ for a vertical-horizontal (VH) orientation. The VH antenna orientation was chosen in

order to study the effects of the antenna orientation change on the channel characteristics for

highly maneuverable UAVs. For both VV and VH antenna orientation, three UAV heights
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of 10 m, 20 m, and 30 m at two horizontal distances of x = 15 m and x = 30 m were used.

Two RXs, RX1 and RX2, were placed close to each other at heights of 10 cm and 1.5 m,

respectively, from the ground.

4.3 Modeling the Channel Impulse Response

In this section, the channel impulse response (CIR) is analyzed. We develop model fits for

PDPs and analyze multipath (small scale) channel statistics, using the measurement data

that has been collected as described in Section 4.2.

4.3.1 Channel Impulse Response Model

A generic model for the CIR of a time-varying wireless channel can be written as:

H(n) =
M−1∑
m=0

αm(n) exp
(
jϕm(n)

)
δ
(
n− τm(n)

)
, (4.1)

where M is the total number of MPCs, αm(n), ϕm(n) and τm(n) are the amplitude, phase

and time of arrival (TOA) or delay, respectively, of the mth MPC at time instant n. For

the UWB propagation channel, we observed clustering of the MPCs in the time domain due

to resolvable reflections from individual scatterers. Therefore, considering NC clusters and

assuming the SV model [193], the CIR expression in (4.1) can be modified to capture the

clustering behavior as follows: An example CIR is provided in Fig. 4.4, where we can observe

clustered received power as a function of delay that supports the SV claim.

H(n) =

NC−1∑
l=0

Ml−1∑
m=0

αl,m(n) exp
(
jϕl,m(n)

)
δ
(
n− Tl(n)− τl,m(n)

)
, (4.2)
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where NC is the total number of clusters, Ml is the total number of MPCs within the lth

cluster, αl,m(n), ϕl,m(n) and τl,m(n) are the amplitude, phase and arrival times, respectively,

of the mth MPC of the lth cluster at time instant n, and Tl(n) is the arrival time of the lth

cluster. For our specific measurements, the channel can be considered time-invariant since

all local scattering objects were motionless, and when the UAV is moving, the velocity is

very small at 6.1 m/s. Therefore, the CIR expression (4.2) can be simplified as follows:

H(n) =

NC−1∑
l=0

Ml−1∑
m=0

αl,m exp
(
jϕl,m

)
δ
(
n− Tl − τl,m

)
. (4.3)

The mean square value of the mth MPC of the lth cluster is given in terms of the first MPC

as:

α2
l,m = |α0,0|2 exp(−Tlη) exp(−τl,mγl), (4.4)

where |α0,0|2 is a mean power gain of the first path of the first cluster, and η and γl are the

cluster and MPC power decay constants, respectively. Comparing (4.1) and (4.2), the SV

model converges to single exponential if γl = 0.

The arrival of the clusters and MPCs within each cluster can be modeled by Poisson pro-

cesses [193–195], with respective arrival rates, χ and ς observed during the excess delay

window. The inter-arrival times of clusters and MPCs are independent and can be fitted

with an exponential distribution function [193] as:

p(Tl|Tl−1) =χ exp
[
− χ(Tl − Tl−1)

]
, (4.5)

p(τm|τm−1) =ς exp
[
− ς(τm − τm−1)

]
. (4.6)
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4.3.2 Analysis of Channel Impulse Response Measurements

In this section, we consider the SV CIR model described in Section 5.2 for characterizing

our AG UWB channel measurements. The channel model parameters were obtained from

the empirical results with the SV models characterized through (4.3)–(4.6) [194]. The sta-

tistical propagation channel model parameters obtained from these equations are provided

in Table 4.2, 4.3, and 4.4 for the three scenarios in Fig. 4.2. It can be observed that the

cluster arrival rate χ captured in (4.5) is the highest for the unobstructed UAV hovering

scenario, followed by foliage obstructed and unobstructed UAV moving scenarios. Similarly,

χ is larger for the VV antenna orientation than for the VH antenna orientation for all three

scenarios at both RXs.

The arrival rate of MPCs ς in (4.6) is the largest for the foliage obstructed scenario. This is

attributable to the multiple reflections from the tree (branches, leaves, and trunk). Similarly,

ς is larger for the VH than the VV antenna orientation at both RX1 and RX2. This is mainly

due to a larger number of small powered MPCs for VH antenna orientation compared to VV

antenna orientation.

The average of the cluster power decay constant η from (4.4) is approximately the same for all

the propagation cases of the three scenarios. The value of η is dependent on the peak power

values of the individual clusters. For example, for the unobstructed UAV hovering scenario,

we observe a larger number of peaks contributing to the overall η due to a larger number of

individual clusters. However, for the other two scenarios, we have a single or two clusters at

maximum, where the peak contribution is mainly from the first cluster. Moreover, we observe

higher η for the VV antenna orientation than for the VH antenna orientation at both RX1

and RX2. This is mainly due to faster power decay for the VV antenna orientation compared

to the VH antenna orientation, where the power decay is relatively slower. In addition, for

the unobstructed UAV moving scenario, we observe the smallest overall η, showing more

uniform received power distribution compared to the other two scenarios.
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Figure 4.5: (a) Normalized and averaged empirical PDP, and (b) smoothed version. UAV is hovering at
a height of 10 m and horizontal distance x = 30 m from RX1 with VV antenna orientation. There is no
foliage.

Interesting observations can be made from the MPC power decay constant, γ of (4.4), in

three different scenarios. The value of γ is the highest for the unobstructed UAV hovering

scenario. The clusters observed in this case are of short duration with sharp power decay (see

Section 4.3.4). In the case of foliage, we observe only a few clusters. The power from the

large duration foliage clusters decays slowly, resulting in overall smaller γ . The value of γ for

the unobstructed UAV moving scenario is in between the other two scenarios. As with the

cluster decay constant, γ is larger for the VV antenna orientation than for the VH antenna

orientation for both RXs as there is no dominant cross-polarized component.

4.3.3 Saleh-Valenzuela versus Single Exponential Model PDP Fit-

ting

The PDP is obtained from the CIR as E(|H(n)|2) from [196], where E is the expectation

operator. A total of 50 CIRs are collected for each scenario during a fixed time interval of

20 s. In this subsection, we analyze the best fit for the empirical PDPs. The PDP for one

of the measurement scenarios1 is shown in Fig. 4.5. It can be observed that we have at least

1For this case the UAV is hovering at a height of 10 m. The horizontal distance between the TX and the
RX is x = 30 m and the antenna orientation is VV.
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three distinct clusters. The cluster identification is performed by visually inspecting the PDP

and make sure each cluster is at least 2.5 ns long (for our 1 ns resolution) and there is an

8 dB change from the peak of the cluster before the next cluster. These lower bounds ensure

distinct classification of the clusters for our empirical data. The clusters detected using this

approach are shown in Fig 4.5(b). The 2.5 ns duration and 8 dB decay were chosen to enable

identification of distinct clusters and avoid transient effects.

When the power is plotted in dB scale as in Fig. 4.5, the exponential power decay in the

absolute scale becomes a linear decay. Therefore, the PDP can be fit by a single linear

fit (logarithm of the exponential) function or by the SV model [193], where individual linear

fits are assigned for each cluster. Let τl,i and Pl,i (in dB) represent the delay and power value

obtained empirically at the ith data point2 of the lth cluster given as

Pl,i = 10 log10

(
|α0,0|2 exp(−Tlη) exp(−τl,iγl)

)
(4.7)

for i = 0, 1, 2, . . . , Nl − 1, where Nl is the total number of data points in the lth cluster. Let

f (l)(τl,i, β0, β1) represent the linear fit function for the lth cluster given as

f (l)(τl,i, β0, β1) = β0 + β1τl,i, (4.8)

where β0 and β1 are the y-intercept and slope of f (l)(·), respectively. Then, the LS error Rl

for the lth individual cluster can be written as follows:

Rl(β0, β1) =

Nl−1∑
i=0

[
f (l)(τl,i, β0, β1)− Pl,i

]2

, (4.9)

which is the sum of the squared residuals between the linear fit f (l)(τl,i, β0, β1) and cor-

responding empirical data point values Pl,i for the lth cluster. Subsequently, the model

2Individual data points are not necessarily the MPCs. These data points must be above the given
threshold set to be a valid MPC.
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Figure 4.6: (a) Normalized and averaged empirical PDP, linear least square fitted with corresponding Saleh
Valenzuela and single exponential. UAV is hovering at a height of 10 m and horizontal distance x = 30 m
from RX1. There is no foliage and antenna orientation is VV, (b) the absolute value of residuals for single
linear and Saleh Valenzuela fit.

parameters, (β0, β1) can be extracted by jointly solving the following equations ∂Rl(β0,β1)
∂β0

= 0

and ∂Rl(β0,β1)
∂β1

= 0.

On the other hand, for the single cluster linear fitting, we have a single linear fit function

for all the empirical data points in the PDP given as f(τi, β
′
0, β

′
1) = β′0 + β′1τi, where β′0

and β′1 are the y-intercept and slope of f (·), respectively, for i = 0, 1, 2, ..., N , where N is

the total number of data points in the PDP. For this case, the empirical data is given as

Pi = |αi(τi)|2 and the LS fit is obtained over the N data points. The cluster-based individual

linear fits (based on the SV model) and the single linear fit to the empirical data for one of

the propagation scenarios are shown in Fig. 4.6(a). The absolute value of the residuals of

the two fits is shown in Fig. 4.6(b). The mean of the absolute residual for the single linear

fit is −23.58 dB, whereas, for the SV model fit it is −24.23 dB. The smaller mean residual

value for the SV model compared to the single linear fit suggests that the SV model provides

a better fit to the empirical PDP than the single linear fit. Similar fittings can be obtained

for other propagation scenarios.
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Table 4.2: UWB UAV channel model parameters averaged over UAV heights for an open area while the
UAV is hovering without obstruction.

RX1 (VV) RX2 (VV) RX1 (VH) RX2 (VH)
Param. x = 15 m x = 30 m x = 15 m x = 30 m x = 15 m x = 30 m x = 15 m x = 30 m
NC 3.33 4 2.66 2 1.66 2.66 1.66 1.33
χ ( 1

ns
) .033 .04 .027 .02 .017 .027 .017 .013

η .23 .186 .24 .16 .215 .16 .177 .171
ς ( 1

ns
) .1 .06 .11 .06 .25 .15 .26 .2

γ 8.7 8.66 5.5 4.3 2.7 5.92 2.8 1.88

Table 4.3: UWB UAV channel model parameters averaged over UAV heights for open area obstructed by
foliage while the UAV is hovering.

RX1 (VV) RX2 (VV) RX1 (VH) RX2 (VH)
Param. x = 15 m x = 30 m x = 15 m x = 30 m x = 15 m x = 30 m x = 15 m x = 30 m
NC 2 2 2 1.66 2 1.33 1.66 1.33
χ ( 1

ns
) .02 .02 .02 .017 .02 .013 .017 .013

η .212 .21 .24 .23 .214 .16 .198 .2
ς ( 1

ns
) .14 .175 .27 .21 .34 .34 .3 .34

γ 1.3 1.11 .985 1.34 .77 .811 1.4 .74

Table 4.4: UWB UAV channel model parameters averaged over UAV heights for an open area while the
UAV is moving.

RX1 (VV) RX2 (VV) RX1 (VH) RX2 (VH)
Param. x = 15 m x = 30 m x = 15 m x = 30 m x = 15 m x = 30 m x = 15 m x = 30 m
NC 2 1.66 1.66 1.33 2 1 1.66 1
χ ( 1

ns
) .02 .017 .017 .013 .02 .01 .017 .01

η .14 .143 .2 .18 .15 .12 .205 .171
ς ( 1

ns
) .1 .082 .084 .084 .14 .11 .16 .16

γ 1.87 1.87 3.6 5.2 1.76 2 2.04 1.31

4.3.4 Multipath Channel Analysis: Power Clusters

A common phenomenon to observe during UWB propagation is the clustered reception of

power [197]. In our outdoor open area environment with few obstacles and modest excess

delay, we observe a small number of clusters in the PDP, as shown in Fig. 4.5. The clusters

are identified by visual inspection, using the distinct boundaries of power decay and rise

discussed in Section 4.3.3. The mean cluster count NC captured in (4.3), is provided in

Tables 4.2, 4.3, and 4.4. The unobstructed UAV hovering scenario has the largest mean

cluster count followed by the foliage obstructed scenario and unobstructed UAV moving

scenarios.

In the case of unobstructed UAV hovering without obstruction scenario shown in Fig. 4.2(a),
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we observe essentially independent reflections from small scatterers near the RX, yielding

several distinct clusters. However, in the case of UAV hovering with link obstructed by foliage

as shown in Fig. 4.2(b), usually only 2 clusters are observed: one due to OLOS (through the

foliage) and the second mainly from the tree body (diffraction around the tree crown and

trunk). In addition, in case of foliage, the second cluster time delay is large compared to

that in the other scenarios from the multiple reflections from foliage. In the unobstructed

UAV moving scenario shown in Fig. 4.2(c), we have a small number of clusters. The UAV

moving scenario exhibits fewer clusters, likely due to spatial averaging.

We observe larger mean cluster count for the VV antenna orientation than the VH antenna

orientation for all propagation scenarios: the received power in the VH antenna orientation

contains fewer strong reflected components, and this produces a more uniform distribution

in delay than in the VV antenna orientation, hence the smaller VH cluster count. We also

observe larger mean cluster count at RX1 than at RX2, likely due to reflections from the

tripod body. The tripod body provides additional reflections and at the same time may help

guide the energy towards the RX on the ground shown in Fig. 4.3.

4.3.5 Multipath Channel Analysis: Number of Significant MPCs

We obtained the number of significant MPCs by retaining only the MPCs that were above

the threshold of 20% of the maximum MPC amplitude for a given CIR. These significant

MPCs are counted for every scan of a given scenario. Then, they are averaged over the three

UAV heights and two horizontal distances of x = 15 m and x = 30 m of a given scenario.

The plot of the average number of significant MPCs with 95% confidence intervals for the

three flight conditions is shown in Fig. 4.7. It can be observed that we have a larger number

of significant MPCs for VH antenna orientation than for the VV antenna orientation. This

is because the low powered cross-polarized components are relatively larger when there is no

LOS component than the longer-delayed MPCs in the presence of a dominant co-polarized
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Figure 4.7: Average number of significant MPCs over multiple channel scans with 95% confidence intervals
for (a) unobstructed UAV hovering, (b) with foliage obstruction, and (c) unobstructed UAV moving on a
circle. The average number of significant MPCs are obtained by averaging over UAV heights at respective
horizontal distances for receiver positions RX1 and RX2 with VV and VH antenna orientations.

LOS component.

We observe the largest number of significant MPCs for the foliage obstructed scenario. On

the other hand, we have the smallest number of significant MPCs for the unobstructed UAV

moving and hovering scenarios with VV antenna orientation. This is because the presence of

the dominant LOS component means that only a small number of large power MPCs exceed

our threshold. We also observe a larger number of MPCs for RX2 than for RX1 because

of RX2’s better ground clearance. The potential scatterers near the RXs that provided the

MPCs are the tripod, measuring equipment, two humans, and nearby chairs.

4.3.6 Multipath Channel Analysis: K-factor

The Ricean K-factor is obtained using the well-known equation, K = 10 log10
A2

2σ2 , where A2

is the power of the LOS component. The LOS component is obtained as the first arriving
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Figure 4.8: A box plot of Ricean K-factor for VV antenna orientation. Each box (bounded between the 25th

and 75th percentile and median in the center) represents the K-factor variation at all three UAV heights for
(i) unobstructed UAV hovering, (ii) with foliage obstruction, and (iii) unobstructed UAV moving on a circle.
The outliers are indicated by red + sign.

component of the received waveform with highest power. The σ2 term represents the power

of the remaining MPCs, whose distribution is assumed Rayleigh. The Ricean K-factor at

RX1 and RX2 for VV antenna orientations and different propagation scenarios is shown in

Fig. 4.8. Each box (bounded between the 25th and 75th percentile with median in the center)

represents the K-factor variation at all three UAV heights. The K-factor is not evaluated

for VH antenna orientation due to weaker or absent LOS component in the channel scans. It

can be observed that we have smaller mean K-factor for the foliage obstructed scenario than

for the unobstructed scenarios, due to a weaker LOS component and larger number of MPCs

for the foliage obstructed scenario. Moreover, for the UAV moving scenario, the K-factor

has higher mean than the other two scenarios and the K-factor varies less than in the to

other scenarios. The larger value of K-factor for the moving scenario is likely attributable

to some of the spatial averaging of the MPCs during the circular motion around the fixed

receiver position.
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Figure 4.9: RMS-DS obtained from measurements at RX1 placed on ground (left) and RX2 at 1.5 m above
the ground (right) for (a) unobstructed UAV hovering scenario, (b) foliage obstructed UAV hovering scenario,
(c) unobstructed UAV moving scenario.
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4.3.7 Multipath Channel Analysis: Temporal Dispersion

Temporal dispersion of the propagation channel is quantified using the RMS-DS represented

as τrms. The RMS-DS is computed using the PDP as follows [17]:

τrms =

√√√√∑∀n(nTs)2
∣∣H(n)

∣∣2∑
∀n

∣∣H(n)
∣∣2 −

(∑
∀n nTs

∣∣H(n)
∣∣2∑

∀n

∣∣H(n)
∣∣2
)2

, (4.10)

where the second term represents the square of the mean delay and Ts is the sampling

duration (0.06 ns). The plot of RMS-DS averaged over the channel scans is shown in Fig. 4.9.

A general trend observed is that the RMS-DS increases with the height of the UAV (increases

with link distance). Overall, we observe a slightly larger mean RMS-DS at RX1 on the ground

than RX2 at 1.5 m height, for all three propagation scenarios for both VV and VH antenna

orientations. Also, larger RMS-DS is observed for the VH antenna orientation than the

VV antenna orientation at both receiver locations and all three propagation scenarios. As

noted, this can be attributed to a weaker dominant component in the VH case as observed

in Section 4.3.5.

Overall, for the VV antenna orientation at RX1 and RX2, we observe larger RMS-DS for the

unobstructed UAV moving scenario than for the unobstructed UAV hovering scenario shown

in Fig. 4.9(c) and (a), respectively. This is likely due to a larger number of MPCs at larger

delays arising from different parts of the nearby scatterers during motion. Similarly, for the

foliage obstructed scenario shown in Fig. 4.9(b), we observe the highest mean RMS-DS–as

noted, likely due to additional MPCs from the foliage. Contrary to the other two scenarios,

we observe a larger mean RMS-DS for the foliage obstructed scenario at RX2 than at RX1,

likely because a larger number of MPCs are captured from the foliage with the better ground

clearance position (see Section 4.3.5).

A comparison of the VH antenna orientation with VV antenna orientation reveals that we

have a smaller effect of the antenna orientation change on the RMS-DS for foliage obstructed
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and unobstructed UAV moving scenarios (as observed in Section 4.4.6 also). Moreover,

similar to the VV antenna orientation, we observe a larger difference in RMS-DS between

x = 15 m and x = 30 m for RX2 than for RX1 for the unobstructed UAV hovering and

unobstructed UAV moving scenarios due to the better ground clearance. In addition, for

the VH antenna orientation, we observe larger mean RMS-DS for the unobstructed UAV

hovering scenario than the unobstructed UAV moving scenario at both RX1 and RX2. This

can be attributed to spatial averaging of small powered diffuse MPCs during the motion for

VH antenna orientation. This averaging may yield a smaller number of MPCs at respective

delays compared to the unobstructed UAV hovering scenario for VH antenna orientation.

4.4 Modeling Received Power and Propagation Path

Loss

In this section, we model the antenna gain in the elevation plane, analyze the polarization

mismatch losses, and provide an analytical model for the received power and path loss for

the unobstructed UAV hovering and moving scenarios. Empirical and analytical path loss

results are provided. We also describe our ray tracing simulation setup and simulated path

loss results for the unobstructed UAV hovering scenario.

4.4.1 Antenna Gain Modeling and Polarization Mismatch Losses

BroadSpec UWB antennas from Time Domain Inc. [192] were used in the experiments at

both the TX and the RX. These antennas are planar elliptical dipoles with omni-directional

pattern in the azimuth plane and a typical doughnut pattern in the vertical plane, shown

in Fig. 4.10(a). The parameters of the antennas are provided in Table 4.1. The vector ~r in

Fig. 4.10(a) represents the direction of the link in the elevation plane at a given elevation

110



Azimuth 
plane

Elevation 
plane

(a) (b)

Figure 4.10: Antenna radiation pattern at 4 GHz [192], (a) in the azimuth and elevation planes with di-
rectional vector at a given elevation angle, (b) in the elevation plane for the transmitter on the UAV and
receiver on the ground station.
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Figure 4.11: Comparison of normalized antenna gain at 4 GHz in the elevation plane with the absolute sine
function.

angle θ given by, θ = tan−1
(
x
h

)
, where x represents the horizontal distance between the RX

and the TX, and h represents the height of the UAV.

In AG propagation, it is important to consider the antenna radiation pattern in three di-

mensions [174]. The antenna radiation pattern in the elevation plane plays a key role in

determining the received power, especially at higher elevation angles. The elevation angle
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Figure 4.12: Received signal components of line-of-sight and ground-reflected component at RX2.

is defined between the horizontal and a direct line connecting TX to RX (along the LOS

component, if present). The link in Fig. 4.10(b) represents the LOS component from the

phase center of the TX antenna to the RX antenna. This LOS component makes an angle θ

with the vertical axis. The antenna radiation pattern is approximately symmetrical around

the vertical axis as shown by the red circles in Fig. 4.10(b). Therefore, the antenna gain

for the LOS component in the elevation plane can be approximated by an absolute sine

trigonometric function, i.e., sin θ. Comparison of the antenna gain at 4 GHz in the elevation

plane from manufacturer’s specification [192] with the absolute sine function sin θ over an

angular span of [0 180◦] is provided in Fig. 4.11. From Fig. 4.11, we can observe that a sine

function with larger exponent value can even provide a better fit. However, as the operating

frequency covers a large band, the pattern of the antenna radiation at different frequencies is

not the same (see [186]). Therefore, sin θ with larger exponent value does not always provide

a good fit. Instead, sin θ provides an overall better fit for antenna gain in the elevation plane

over the whole frequency range. For the VV antenna orientation, the overall antenna gain

for the LOS component can be approximated as sin θ over the elevation angle range of 0◦

to 180◦. Hence, as θ decreases (an increase of elevation), the LOS component is attenuated

accordingly.
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Similarly, for the ground reflected component (GRC), the gain of the antenna in the elevation

plane is given by sin Ω and sin Ω′ at the RX and TX respectively, from Fig. 4.12. Therefore,

the combined TX/RX antenna gain of the GRC for the VV antenna orientation is given

by
√

sin Ω sin Ω′. On the other hand, for the VH antenna orientation, we have a weak (or

absent) LOS component and most of the propagation is non-line-of-sight (NLOS), due to

reflections from surrounding objects.

In order to quantify the polarization mismatch, let ρρρ(TX) and ρρρ(RX) represent the unit vectors

for the electric fields at the TX and RX antennas, respectively. At the RX antenna, we have

ρρρ(TX)·ρρρ(RX), where (·) represents the dot product between the two unit vectors. If the direction

of the electric field planes (for incident and receiver) are similar, there is no polarization

mismatch and the dot product is 1. However, for the VH antenna orientation, the incident

and received electric field planes will be orthogonal [198, 199]. In an ideal case, the VH

antenna orientation should yield no reception for the linearly polarized antennas. However,

due to non-ideal cross-polarization discrimination and due to reflections from scatterers in

the environment, cross-polarized components appear. These components enable reception

for the VH antenna orientation.

4.4.2 Received Power Modeling using LOS and GRC Paths

If S(n) is the transmitted signal, then the received signal is given by R(n) = S(n) ~H(n),

where ~ is the convolution operation and H(n) is as defined in (4.3). If there are M paths

in the propagation channel, then the received signal consists of M MPCs, and each MPC
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can be represented as Rm(n) given by [196,200]:

Rm(n) =

[
λΓm(φm, θm)

4πdm

√
GT

(
φ

(TX)
m , θ

(TX)
m

)
GR

(
φ

(RX)
m , θ

(RX)
m

)
s(n− τm) exp

(
−j2πdm

λ

)
∣∣∣ρρρ(TX)
m · ρρρ(RX)

m

∣∣∣],
(4.11)

where m = 0, 1, 2, . . . ,M with m = 0 representing the LOS component, λ is the wavelength of

the transmitted signal, Γm(φm, θm) is the reflection coefficient of the mth component with φm

and θm being the azimuth and elevation angles of the received components with respect to the

scatterers (considering first order reflections), GT(φ
(TX)
m , θ

(TX)
m ) is the gain of the antenna at

the TX at respective azimuth and elevation angles of departures, GR(φ
(RX)
m , θ

(RX)
m ) is the gain

of the antenna at the RX at respective azimuth and elevation angles of arrivals,
∣∣∣ρρρ(TX)
m ·ρρρ(RX)

m

∣∣∣
is the polarization mismatch loss factor for the mth MPC [199], and finally τm and dm are

the delay and distance of the mth component, respectively. We use the terms reflection and

scattering mostly interchangeably here, understanding that these represent distinct physical

propagation mechanisms; their aggregate effect is captured by Γ in our formulation.

For the LOS component Γ0(φ0, θ0) = 1, and the distance of the path between the TX and

RX will be d0, shown in Fig. 4.10(b). Similarly, τ0 = 0 for the LOS component in our

case. As noted the gain of the antenna for the LOS component can be approximated by the

trigonometric function described in Section 4.4.1. Therefore, the LOS received component

can be represented as follows:

R0(n) =

[
λ

4πd0

sin θs(n) exp

(
−j2πd0

λ

)∣∣∣ρρρ(TX)
0 · ρρρ(RX)

0

∣∣∣]. (4.12)
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Similarly, the GRC can be represented as,

R1(n) =

[
λΓ1(φ1, θ1)

4πd1

√
sin Ω sin Ω′s(n− τ1) exp

(
−j2πd1

λ

)∣∣∣ρρρ(TX)
1 · ρρρ(RX)

1

∣∣∣]. (4.13)

If E represents the average over time, the total received power PR, as the sum of the powers

of all the received MPCs is given as:

PR = E

[∣∣R0(n)
∣∣2]+ E

[M−1∑
m=1

∣∣Rm(n)
∣∣2], (4.14)

where m = 1 refers to the GRC.

4.4.3 Path Loss Modeling for Unobstructed UAV Hovering Sce-

nario, VV

The path loss is obtained by comparing the received power at a given distance with the

received power at the reference distance. First, the received power is obtained at 1 m

distance when the antennas are aligned boresight to each other and at the same height of

1 m above the ground. Then, the received power at different distances is compared with

that at the reference distance. Let us first consider the unobstructed UAV hovering scenario

with VV antenna orientation at RX1 and RX2 shown in Fig. 4.2(a). For RX1, we consider

that the received power is mainly from the dominant LOS component for different UAV

distances as discussed in Section 4.4.2. Moreover, for simplicity, we consider the polarization

mismatch loss factor from (4.12) equal to 1 for the LOS component. Therefore, from (4.12)

and (7.9), the received power for the LOS components P
(LOS)
R,d0

at different UAV distances can

be written as,

P
(LOS)
R,d0

=
PT sin2 θλ2(

4πd0

)2 , (4.15)
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whereas the received power P
(LOS)
R,dref

at a reference distance dref = 1 m, can be written as:

P
(LOS)
R,dref

=
PTλ

2(
4π
)2 , (4.16)

where PT = E
[
|s(n)|2

]
is the transmitted power, θ = tan−1

(
x
h

)
, and distance d0 =

√
x2 + h2

is from Fig. 4.10(b). Additionally, the antenna gains at the TX and RX sides at a reference

distance of 1 m are approximated as 1 (0 dB) which is the maximum antenna gain in the

far field at the boresight alignment of the antennas. Using the close-in free space path loss

model [201], the path loss (in dB) can be represented as:

L(d) [dB] = 10 log10 L(dref) + 10 log10

PR,dref

PR,d

, (4.17)

where 10 log10 L(dref) is the free space path loss (in dB) at the reference distance, L(dref) =

(4πdref

λ
)2 [201], and λ corresponds to the wavelength at the center of the UWB signal spectrum.

Therefore, at RX1, the path loss for VV antenna orientation can be approximated based on

the LOS component only (4.15) as follows:

L(VV)(d0) [dB] = 10 log10 L(dref) + 10 log10

d2
0

sin2 θ

= 10 log10 L(dref) + 10 log10

x2 + h2[
sin

(
tan−1

(
x
h

))]2 .
(4.18)

The path loss at RX2 is calculated in a similar way. However, at RX2, in addition to the

LOS component, we have a dominant GRC due to the height of the RX above the ground

as shown in Fig. 4.12. Due to the large temporal resolution of the transmitted signal, the

GRC and the LOS component can be resolved. Therefore, from (4.12) and (4.13), the overall
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received power can be approximated as:

PR =P
(LOS)
R + P

(GRC)
R

PR =
PTG

(LOS)
T (φ

(TX)
0 , θ

(TX)
0 )G

(LOS)
R (φ

(RX)
0 , θ

(RX)
0 )λ2

(4πd′0)2
+

PTG
(GRC)
T (φ

(TX)
1 , θ

(TX)
1 )G

(GRC)
R (φ

(RX)
1 , θ

(RX)
1 )λ2|Γ1(φ1, θ1)|2

(4πd1)2

∣∣∣ρρρ(TX)
1 · ρρρ(RX)

1

∣∣∣2,
(4.19)

where from Fig. 4.12, we have d′0 =
√

(h− hRX)2 + x2, d1 =
√

(h+ hRX)2 + x2, and Γ1(φ1, θ1) =

Γ1(Ψ). The elevation angle of the GRC at the TX and RX is represented as Ω′ and Ω, re-

spectively. The angle of the LOS component is also modified as θ′ due to the height of

the receiver above the ground. Moreover, the value of
∣∣∣ρρρ(TX)

1 · ρρρ(RX)
1

∣∣∣2 is approximated as 1,

similar to the LOS component. Therefore, considering only the LOS and GRC paths, the

path loss for RX2 from (4.17) is given as follows:

L(VV)(d′0, d1) [dB] =10 log10 L(dref) + 10 log10

(d′0d1)2

(d1 sin θ′)2 + (d′20 sin Ω sin Ω′)|Γ1(Ψ)|2
. (4.20)

These analytical path loss results at RX1 and RX2 will be compared with measurements in

Section 4.4.6.

4.4.4 Path Loss Modeling for Unobstructed UAV Moving Sce-

nario, VV

The path loss for the unobstructed UAV moving scenario with VV antenna orientation can

be modeled in a similar way as for the unobstructed UAV hovering scenario. However,

the effect of the antenna gain is different at the TX and the RX. At the TX, mounted on

the UAV, the antenna’s boresight during motion is fixed with respect to the RXs on the

ground. Therefore, the TX antenna gain can be modeled with sin θ, same as for the UAV

hovering scenario. On the other hand, the gain of the RX antennas on the ground is not
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fixed during the UAV motion. This is because the gain of the antenna is not the same at a

given elevation point in space around the antenna. However, due to circular motion around

the RX, the overall RX antenna gain can be approximated with a mean value represented

as, G
(c)
R . Therefore, the received power for the LOS component at RX1 for UAV moving

scenario is given as:

P
(LOS)
R,d0

=
PT sin θG

(c)
R λ2(

4πd0

)2 . (4.21)

The path loss at RX1 when the UAV is moving can therefore be represented as:

L(VV)(d0) [dB] = 10 log10 L(dref) + 10 log10

d2
0

sin

(
tan−1

(
x
h

))
G

(c)
R

.
(4.22)

Similar to RX1, the path loss at RX2 when the UAV is moving can be represented as

L(VV)(d′0, d1) [dB] =

10 log10 L(dref) + 10 log10

(d′0d1)2

d2
1 sin θ′G

(c)
R + d′20 sin Ω′G

(c)
R |Γ1(Ψ)|2

.
(4.23)

These analytical results will be compared with measurements in Section 4.4.6.

The path loss for the foliage scenario remains essentially constant for different UAV heights

and horizontal distances as the LOS path is blocked by the foliage. There are small variations

of the received power (due to weak MPCs) versus link distances, however, the logarithm

smooths these variations resulting in an approximately constant path loss. The reason for

this constant value is due to the limitation of the equipment to measure the minimum received

power during obstruction, i.e., a limited dynamic range.
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4.4.5 Path Loss Modeling for Unobstructed UAV Hovering and

Moving Scenarios, VH

The polarization mismatch loss for the VH antenna orientation can be estimated empiri-

cally. In order to obtain this estimate, the received power measurements with VH antenna

orientation are compared with the respective measurements with VV antenna orientation.

Since the channel is assumed to be stationary and the received power is mainly dependent

on the dominant LOS component, from (4.12) and (7.9), the only variable quantity for VH

antenna orientation compared to VV antenna orientation is (ρρρ
(TX)
0 ·ρρρ(RX)

0 ). The polarization

mismatch loss factor ratio cpol between the VH and VV antenna orientation scenarios can

be represented as:

cpol =
|ρρρ(TX,VH)

0 · ρρρ(RX,VH)
0 |2

|ρρρ(TX,VV)
0 · ρρρ(RX,VV)

0 |2
, (4.24)

where ρρρ
(TX,VH)
0 , ρρρ

(TX,VV)
0 , ρρρ

(RX,VH)
0 , ρρρ

(RX,VV)
0 are the polarization unit vectors for VH and

VV antenna orientations at the TX and the RX, respectively. Note that we have already

approximated |ρρρ(TX,VV)
0 · ρρρ(RX,VV)

0 |2 = 1, meaning that there is no polarization mismatch for

the LOS component. Therefore, we can write (4.24) as, cpol = |ρρρ(TX,VH)
0 · ρρρ(RX,VH)

0 |2 and this

provides an estimate of the overall reduction in the received power (or increase in the path

loss) when the orientation of the antennas is changed from VV to VH.

Using (4.24), we can find the analytical path loss for the UAV hovering and moving scenarios

with VH antenna orientation. If cpol represents the polarization mismatch loss for a given

VH antenna orientation scenario, then the corresponding path loss is given as

L(VH)(d0) [dB] = L(VV)(d0) [dB] + 10 log10(cpol). (4.25)

The path loss at RX2 is obtained in a similar way. These results will be compared with

measurements in Section 4.4.6.
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(a) Unobstructed UAV hovering.
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(b) Foliage obstructed UAV hovering.
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(c) Unobstructed UAV moving.

Figure 4.13: Path loss obtained from free space, measurements and analytical modeling for VV antenna
orientation at RX1 placed on ground (left) and RX2 at 1.5 m above the ground (right) for (a) unobstructed
UAV hovering, (c) unobstructed UAV moving. The measurement results for UAV hovering with foliage
obstruction are shown in (b).
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(a) Unobstructed UAV hovering.
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(b) Foliage obstructed UAV hovering.
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(c) Unobstructed UAV moving.

Figure 4.14: Path loss obtained from free space, measurements and analytical modeling for VH antenna
orientation at RX1 placed on ground (left) and RX2 at 1.5 m above the ground (right) for (a) unobstructed
UAV hovering, (c) unobstructed UAV moving. The measurement results for UAV hovering with foliage
obstruction are shown in (b).
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4.4.6 Empirical and Analytical Path Loss Results

In this subsection, we first provide empirical path loss results, shown in Fig. 4.13 and Fig. 4.14

for VV and VH antenna orientations, respectively. Subsequently we compare the analyti-

cal results from Section 4.4.3, 4.4.4 and 4.4.5 with measurement results. Free space path

loss calculated at the center frequency of 3.95 GHz for co-polarization is also provided for

comparison.

Fig. 4.13 shows the path loss for the three propagation scenarios at RX1 and RX2 for

VV antenna orientation. At RX1, for the unobstructed UAV hovering scenario shown in

Fig. 4.13(a), we observe higher path loss at UAV height of 10 m for x = 30 m than for

x = 15 m due to larger link distance. However, as the UAV height increases, the path loss at

x = 15 m increases faster than that at x = 30 m. As a result, the path loss at UAV height of

30 m becomes larger for the UAV at x = 15 m than at x = 30 m. This increase in the path

loss is due to the smaller antenna gain at higher elevation angles as discussed in Section 4.4.1,

and results in the two curves for VV crossing each other as the UAV height increases. Similar

observations were made at RX2 for this scenario. This is a critical observation, since larger

path loss can be observed at shorter distance due to antenna effects and TX/RX geometry.

The path loss for unobstructed UAV moving scenario and VV antenna orientation is shown

Fig. 4.13(c). Here we observe closely spaced curves. This can be explained by considering the

antenna gain in the azimuth plane, shown in Fig. 4.10(a). Due to the motion of the UAV in

a circular path, the RX antenna gain will change continuously in the azimuth and elevation

planes. In the azimuth plane, the gain of the antenna is smaller at 0◦ and 180◦. Similarly,

the antenna gain in the elevation plane has slightly larger values at certain elevation angles,

as can be observed in Fig. 4.11. However, considering a large number of samples of the

antenna gain pattern in the elevation plane forming the overall three dimensional pattern,

the antenna gain variations in the elevation plane are somewhat averaged out by the UAV

motion. This phenomenon leads to closely spaced path loss curves for unobstructed UAV
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moving scenario at x = 15 m and x = 30 m for three UAV heights. Similar observations can

be made at RX2.

The path loss results for VH antenna orientation are shown in Fig. 4.14 for RX1 and RX2.

The path loss here is larger than the VV antenna orientation at RX1 and RX2 due to polar-

ization mismatch as discussed in Section 4.4.1. Hence the effect of the antenna gain in the

elevation plane is negligible compared to that in the VV antenna orientation. An interesting

observation is that the polarization mismatch has a smaller effect for the unobstructed UAV

moving scenario than for the unobstructed UAV hovering scenario. This is due to a larger

number of cross-polarized components arising during the UAV motion than when the UAV

is hovering, and also suppression of the dominant LOS component. For VH antenna orien-

tation, the boresight of the antenna is facing the ground (direction of “azimuth” emission)

shown in Fig. 4.2. Thus the ground and any ground-based scattering objects are illuminated

and additional components reach the RXs. The motion of the UAV results in more cross-

polarized components (assuming the ground surface is not uniform) than when the UAV

is hovering. This results in higher received power. This phenomenon is more evident at

x = 15 m than at x = 30 m. The weak cross-polarized components generated at x = 15 m

are stronger than at x = 30 m.

The path loss for unobstructed UAV hovering scenario shows the largest change experienced

due to antenna orientation misalignment VH compared to aligned VV shown in Fig. 4.14(a).

In contrast, for the foliage obstructed UAV hovering scenario shown in Fig. 4.14(b), the path

loss approximately remains constant. This is because of the obstruction of the dominant LOS

path which carries the largest power – significantly larger (approximately 20 dB) than the

other MPCs. The path loss for the foliage obstructed scenario does not show any significant

effect of antenna orientation or link distance for either RX1 or RX2. The path loss only

shows a change at RX1 for UAV height of 10 m at x = 15 m. This is likely due to the

smaller obstruction (thin tree trunk) experienced by the RX placed on the ground from the
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low altitude UAV. However, for RX2, and larger UAV heights, the tree crown obstructs the

path. Moreover, at a horizontal distance of x = 30 m, the visibility of the RXs from the

UAV become better, yet, the path loss is larger because of larger link distance. Therefore,

path loss remains approximately constant.

In addition to link distance d between the GS and the UAV, the path loss is dependent on the

elevation angle between the TX and the RX (4.12), and antenna orientation–see Section 4.4.1.

The larger the elevation angle and orientation mismatch, the greater the path loss. This effect

is more prominent when the antennas have the same orientation. Moreover, the foliage

introduces additional path loss due to partial obstruction of the LOS component. We also

note that the path loss at RX1 is larger than at RX2 for the unobstructed UAV hovering

and unobstructed UAV moving scenarios for both VV and VH antenna orientations. This is

attributable to antenna deformation at RX1. RX2 has better ground clearance than RX1.

The path loss results obtained using the analytical modeling for unobstructed UAV hovering

and moving scenarios (discussed in Section 4.4.3, 4.4.4 and 4.4.5) are shown in Fig. 4.13 and

Fig. 4.14 alongside the measurement results. The value of |Γ1(Ψ)| is obtained from [202],

for vertical polarization and relative permittivity of 35 for the grassy ground surface at

respective grazing angles. The value of |Γ1(Ψ)| is provided in Table 4.5 and is same for both

UAV hovering and moving scenarios. The value of |cpol| from Section 4.4.5, for different

propagation scenario settings is also shown in Table 4.5. The value of the receiver antenna

gain G
(c)
R , for unobstructed UAV moving scenario (discussed in Section 4.4.4) is taken as 0.5.

Comparing the analytical results with the empirical results we observe slightly larger path

loss for the analytical results. This is mainly due to considering only the LOS component for

RX1, and LOS and GRC for RX2 and ignoring the other MPCs in the analytical modeling.

Overall, we observe a reasonably close match between the empirical results and our analytical

results that incorporate 3D antenna radiation effects.

124



Table 4.5: Ground reflection coefficient, |Γ1(Ψ)|, and polarization mismatch loss factor ratio, |cpol|, values
obtained from measurement data. The value of |cpol|, for unobstructed UAV hovering scenario and UAV
moving scenario.

RX1(VV), x=15 m RX1(VV), x=30 m RX2(VV), x=15 m RX2(VV), x=30 m
Param. h=10 m h=20 m h=30 m h=10 m h=20 m h=30 m h=10 m h=20 m h=30 m h=10 m h=20 m h=30 m
|Γ1(Ψ)| - - - - - - 0.59 0.67 0.7 0.39 0.57 0.64

|cpol| [dB]
“(UAV hovering)”

12.9 7.3 5.6 8 6.3 6.0 11.2 8.2 5.7 11.3 8.8 8.0

|cpol| [dB]
“(UAV moving)”

0.6 0.4 2 5.4 4.6 4.3 1.8 0.7 2.2 5.8 2.5 4.1

RXs

TX, h=30 m, 
x={15 m, 30 m}

Trees

Buildings

Figure 4.15: The simulation setup of the measurements created using Wireless InSite (ray tracing software).

4.4.7 Ray Tracing Simulation Setup and Path Loss Results

Ray tracing simulations were carried out using the Wireless InSite software to compare

with our empirical findings for unobstructed UAV hovering scenario. The foliage obstructed

scenario was not simulated using ray tracing due to the limitation of creating a particular

real-world tree structure in simulations for UWB propagation. Similarly, the unobstructed

UAV moving scenario was also not simulated, as the effect of the motion on a given UWB

propagation environment cannot be easily captured.

Fig. 4.15 shows the simulation environment created using ray tracing. The majority of the

MPCs arise from scatterers near the RXs, e.g., tripod, measuring equipment, and humans

that were modeled accordingly. The MPCs from the buildings and foliage in the surround-

ings were not considered as our empirical excess time delay for each scan is limited to

100 ns (30 m). This corresponds to reflections only from the objects that are not farther

than 15 m (considering two-way reflection distance 2×15 m) from the RXs. Similarly, due to
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Figure 4.16: (a) Ray tracing simulation results of path loss (VV and VH) alongside measurement results
(VV) for unobstructed UAV hovering at x = 15 m, and x = 30 m for different heights for (a) RX1, at ground,
(b) RX2, at 1.5 m height from the ground.

the limited time resolution of MPCs in the ray tracing software compared to measurements,

only path loss results are considered for comparison.

The path loss results obtained from ray tracing simulations for unobstructed UAV hovering

scenario for VV and VH antenna orientations are shown in Fig. 4.16. Measurement results

of unobstructed UAV hovering for VV antenna orientation are also provided in Fig. 4.16.

Comparing with the empirical results at RX1 and RX2, respectively, we observe a reasonably

close match. Cross overs between the path loss results at 15 m and 30 m for VV scenario

can also be observed in ray tracing simulations, similar to measurement and analytical re-

sults. However, we observe smaller path loss at smaller UAV heights compared to empirical

results. Similarly, larger path loss can be observed at larger elevation angles compared to

empirical results. This is mainly due to the perfect donut shaped antenna radiation pattern

in simulations.

For the VH antenna orientation, we found that the path loss from ray tracing simulations

differs from that observed empirically in Fig. 4.14(a). This is because the MPCs (with weak
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or no LOS component) obtained due to reflections from surrounding objects are dependent

on the actual geometry and placement of these objects, which we have not modeled with

high precision. In addition, the path loss obtained for VH antenna orientation is signifi-

cantly larger than measurements. First, the additional scatterers not modeled in ray tracing

but present in the actual measurements contribute to additional MPCs. This results in a

reduction of path loss. Another reason is the non-ideal cross-polarization discrimination for

real-world antennas that results in the reduction of the path loss for VH antenna orientation.
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Chapter 5

UAV Air-to-Ground Channel

Characterization for mmWave

Systems

5.1 Ray Tracing Simulations for mmWave UAVs

Ray tracing can provide a deterministic way of characterizing the mmWave channel in differ-

ent scenarios. Due to challenges involved in AG channel measurements at mmWave bands

using UAVs, ray tracing offers a convenient alternative way of evaluating the channel behav-

ior. In this section, we use the Remcom Wireless InSite ray tracing software, and imitate

the real time motion of the UAV over a given trajectory. We will first describe the different

ray tracing scenarios considered, followed by RSS and RMS-DS results.
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(a) 

(b)

GS

UAV trajectory

GS

UAV trajectory

Figure 5.1: UAV AG propagation scenarios simulated using Remcom Wireless InSite software. Transmitter is
located on the ground, and UAV with the on-board receiver follows the illustrated trajectory. (a) Sub-urban
scenario, (b) Urban scenario.

Table 5.1: Ray tracing simulation parameters.

Scenario Building height (m) Number of buildings
Over sea - -

Rural 4-8 10
Suburban 4-30 20

Urban 70-180 100
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5.1.1 Ray Tracing Scenarios

We consider four different scenarios for ray tracing simulations: urban, suburban, rural,

and over sea. Three key factors for AG ray tracing simulations in a given scenario are the

number, material, and height of the scatterers in the environment. The largest scatterers

in AG propagation are the buildings. The effect of mobile vehicles on road as potential

scatterers is negligible in AG propagation. We considered different number of buildings at

different heights in the simulations as summarized in Table 5.1. The urban scenario has the

highest density and height of randomly shaped buildings followed by suburban and rural.

Additionally, there is scattered foliage introduced in the suburban and rural scenarios. The

material of the buildings is frequency sensitive concrete at 28 GHz and 60 GHz for all the

scenarios except the simulations over the sea. For simplicity, we considered the building

material of all the buildings as concrete. For all the land based simulations, a dry ground is

considered. Figure 5.1 shows the suburban and urban scenarios with the GS on the ground,

and UAV trajectory at is shown at a height of 150 meters above the ground. In case of over

sea scenario, a 10 meter layer of sea water is considered covering a typical terrain. A couple

of metallic ships on the surface of the sea water are introduced as scatterers.

The characteristics of the simulation set up are as follows. The dimensions of the terrain are

10 km by 10 km. The height of the transmitter is 2 m and is fixed on ground. The UAV

heights are 2 m (imitating a mobile vehicle on the ground), 50 m, 100 m, 150 m above the

ground, with a velocity of 15 m/s for all cases. The length of the UAV trajectory is around

2 km. Half-wave dipole antennas with vertical polarization are used on both transmitter and

the receiver. A sinusoid is used to sound the channel at two center frequencies of 28 GHz

and 60 GHz. The transmit power is set at 30 dBm.
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Figure 5.2: Received power versus distance for different UAV heights at 28 GHz in different scenarios: (a)
Over sea, (b) Rural, (c) Suburban, (d) Urban.

5.1.2 Ray Tracing Results for the RSS

The RSS as a function of the distance between the UAV (receiver) and the GS (transmitter)

are shown in Figure 5.2 and Figure 5.3 for transmission frequencies of 28 GHz and and

60 GHz, respectively. A common observation for RSS in all the scenarios is the two ray

propagation model. The presence of scatterers introduces fluctuations in the received power.

In case of sub-urban area, the fluctuations result in deviation from the two ray propagation

model. At UAV height of 2 m above ground, the two ray propagation model holds only for

a specific distance called the critical distance, or first Fresnel zone; after that the received

power drops proportionally to some power of the distance [203]. The critical distance for

28 GHz and 60 GHz is different due to different RSS decay rates with respect to the distance.

Results in Figure 5.2 and Figure 5.3 show that as the height of the UAV increases, the max-

ima/minima appearance rate of the two ray propagation model increases as well. Moreover,

the maxima/minima appearance rate is higher for 60 GHz compared to 28 GHz. This is due
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Figure 5.3: Received power versus distance for different UAV heights at 60 GHz in different scenarios: (a)
Over sea, (b) Rural, (c) Suburban, (d) Urban.

to the smaller wavelength at 60 GHz resulting in constructive and destructive interference

more rapidly compared to 28 GHz. Additionally, the rate of RSS decay with respect to

distance at 60 GHz is higher than at 28 GHz indicating higher path loss slopes as compared

to 28 GHz. The RSS at 60 GHz is lower compared to 28 GHz as expected, due to higher

losses at higher center frequencies.

The selection of relatively low heights in the simulations is due to regulations by the FAA [127]

and this limits the effect of the UAV height on the RSS due to scatterers. If the height of

the UAV is increased further, the effect of the scatterers on the RSS can be reduced.

In case of over sea scenario, the RSS closely follows the two ray propagation model with

minimal fluctuations due to negligible effect of scatterers. On the other hand, in case of

rural and suburban scenarios, we observe fluctuations in the RSS near the scatterers. These

fluctuations become higher for urban areas due to large number of scatterers as shown in

Figure 5.2 and Figure 5.3. An interesting effect is the shadowing of the scatterer reflections,
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Figure 5.4: CDF of RMS-DS for different UAV heights at 28 GHz in different scenarios: (a) Over sea, (b)
Rural, (c) Suburban, (d) Urban.

due to the foliage of comparable size to the scatterers weakening the MPCs from scatterers.

This can reduce the RSS fluctuations due to weaker reflected MPCs.

5.1.3 Ray Tracing Results for the RMS-DS

In Figure 5.4 and Figure 5.5, we present the cumulative distribution functions (CDFs) of

the RMS-DS of the multipath channel between the GS transmitter and the UAV for four

different environments, considering mmWave frequencies of 28 GHz and 60 GHz, respectively.

The RMS-DS results in Figure 5.4 for the mmWave frequency of 28 GHz show that the

RMS-DS is the largest for urban environment for most of the UAV heights, due to high

density of scatterers in the urban setting. Moreover, we observe that the RMS-DS increases

as a function of the UAV height in the urban environment, for the trajectory shown in

Figure 5.1(b). The main reason for this behavior is that, at higher UAV altitudes, the UAV

moves above the tall buildings, and it can observe signals that are scattered from larger

number of surrounding buildings.
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Figure 5.5: CDF of RMS-DS for different UAV heights at 60 GHz in different scenarios: (a) Over sea, (b)
Rural, (c) Suburban, (d) Urban.

On the other hand, results in Figure 5.4(b) and 5.4(c) for rural and suburban environments

show that, as opposed to the urban environment, the RMS-DS actually decreases with UAV

altitude. In rural/suburban environments, the buildings are not as tall as the urban environ-

ment, and more sparsely deployed. Therefore, at higher UAV altitudes, the signals scattered

from the buildings do not arrive at the UAV, hence reducing the RMS-DS. These different

behavior of the multipath channel suggest that environmental factors and UAV height can

have significant impact on the channel behavior and hence the receiver design.

The relative impact of different UAV heights on the RMS-DS behavior observed to be similar

in Figure 5.5 (60 GHz mmWave band) when compared with the results in Figure 5.4 for the

28 GHz band. On the other hand, comparing the results in Figure 5.4 and Figure 5.5 with

each other, RMS-DS is lower for the 60 GHz band due to larger path loss at the 60 GHz

band.
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5.2 Channel Impulse Response

The CIR considering both temporal and spatial characteristics can be represented as follows:

h(t, τ ,θ,φ) =

L(t)∑
l=1

αl(t) exp
(
jψl(t)

)
δ
(
t− τl(t)

)
× δ
(
θ − θl(t)

)
δ
(
φ− φl(t)

)
, (5.1)

where L(t) is the number of MPCs at time instant t, αl(t), τl(t), ψl(t) are the amplitude,

TOA, and phase of the lth MPC at time instant t, whereas θl(t) and φl(t) are the direction

of departure (DOD) and direction of arrival (DOA) at the transmitter side and receiver side,

respectively, of the lth MPC at time instant t. The TOA, DOD, and DOA parameters can

further be grouped under the vectors τ = [τ1, ..., τL(t)], θ = [θ1, ..., θL(t)], φ = [φ1, ..., φL(t)],

respectively. Both the DOD and DOA for the lth MPC are composed of elevation and

azimuth elements, given by θl(t) = θ
(e)
l (t) + jθ

(a)
l (t) and φl(t) = φ

(e)
l (t) + jφ

(a)
l (t).

We will further group the paths into persistent and non-persistent components. The per-

sistent components consist of the LOS and the ground reflected component (GRC) paths

as illustrated in Figure 5.6 which also shows the elevation DOD and DOA of both compo-

nents. Due to a clear LOS path considered for the specific scenario in our simulations as

in Figure 5.1, the LOS and GRC components will always be present. The non-persistent

components follow a given birth and death process. This constitutes a random process along

UAV route dependent on the terrain cover characteristics represented as a random vector.

Letting l = 1 correspond into the always-present LOS component, the power of the LOS

component α1 along the UAV trajectory can be represented as:

P1(t) = α2
refβ

γg(φe), (5.2)

where αref is the amplitude of the MPC at a reference position, β =
(

4πd
λ

)
, γ = 2 for free
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Figure 5.6: Persistent components for the AG propagation channel in the elevation plane with LOS and
GRC links. Antenna radiation patterns for the ground transmitter and the UAV receiver are also illustrated.
The UAV and ground transmitter heights are denoted by hr and ht with hr ≥ ht. The MPC index for the
GRC path is denoted by lgrc.

space, d is the slant range, and g(φe) ∈ [0, 1] is a monotonically decreasing function of φe, in

order to characterize the antenna radiation pattern misalignment between the transmitter

and the receiver as illustrated in Figure 5.6. The phase of the LOS component is given as

2πfd
c

, where d
c

is the TOA of the LOS component. The DOA of the LOS component in the

elevation plane depends on the height of the UAV, and it decreases along the UAV trajectory

for a given fixed UAV height as shown in Figure 5.6.

For the GRC, we have similar expression as in (5.2), but it is additionally multiplied with

the modulus of ground reflection coefficient [204]. This coefficient will be dependent on the

ground characteristics and grazing angle represented as φg = arctan
(
ht+hr

D

)
in Figure 5.6.

The phase of the GRC is composed of two components, one is dependent on the distance

between the transmitter and the other is due to reflection from the ground surface. The

TOA of the GRC is given as d1+d2

c
from Figure 5.6. The elevation angle for the GRC is

higher than the LOS component, and decrease along the UAV trajectory as the horizontal
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distance D increases for a given UAV height.

For non-persistent components, the amplitude, phase, TOA and DOA of the MPCs can

be represented as a random process whose statistical characteristics will be dependent on

the scatterer number, dimensions, distribution, and material for a given simulation setup.

In Sections 5.3-5.5, building on the framework in this section, we will present ray tracing

results for the UAV trajectories as in Figure 5.1, and will discuss power variation, temporal

characteristics, and spatial characteristics of UAV AG propagation channels.

5.3 Power of Multipath Components

First, consider that both the GS and the UAV are at the same height as in Figure 5.7(a).

Then, there is no antenna misalignment in the vertical direction and the factor g(φe) in (5.2)

will be one, and the only loss observed is the free space path loss for the LOS component.

Therefore, the power of a MPC decreases monotonically as the UAV moves over its trajectory

for all the MPCs. For the GRC, the amplitudes will be slightly smaller than the LOS

component due to ground reflection coefficient as discussed in Section 5.2.

In Figure 5.7(b) at a UAV height of 150 m, we observe that the received power for a MPC

tends to initially increase as the UAV moves away from the transmitter, and then decrease

for both LOS and GRC components. This is due to higher misalignment losses in the start

given by g(φe), that decreases along the UAV trajectory and results in increase in received

power, but eventually the free space path loss dominates. For GRC, the received power

reduction due to misalignment is higher due to ground reflection coefficient [204].
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Figure 5.7: Received power of MPCs plotted against the TOA of MPCs over the UAV trajectory at a UAV
height of (a), and 2 m (b) 150 m scenario.
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Figure 5.8: TOA of MPCs over the UAV trajectory at a UAV height of 50 m for (a) Suburban scenario (b)
Dense-urban scenario.

5.4 Temporal Analysis of mmWave UAV Channels

In this section, we will study the temporal characteristics of the UAV mmWave propagation

channel for the scenario in Figure 5.1. First, in Figure 5.8, the TOA and the signal strength
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(through the color bar) of the MPCs arriving at the UAV are studied as a function of link

distance for suburban and urban environments. Since the UAV to transmitter distance

increases monotonically for the particular example in Figure 5.1, the TOA of the persistent

MPCs are expected to change approximately linearly as well along the UAV trajectory.

Then, Figure 5.9 studies the CDF of the TOAs of MPCs in four different environments.

In Figure 5.8(a), a suburban propagation scenario at a UAV height of 150 m is presented,

where we can observe that there is only the LOS and the GRC links present. The TOA of

the LOS component is varying approximately linearly as well as the received power, whereas

the GRC also shows a similar trend but at a different rate. Initially, the received power is

smaller and then increases, and later follows a decreasing trend. The decrease in the start

can be described by the higher elevation angle difference resulting in additional loss due

to misalignment between the transmitter and receiver antennas. However, with increasing

link distance, the misalignment in the elevation plane decreases, resulting in increase in the

received power. The received power decreases later (as was discussed in Figure 5.7) due to

free space loss in case of LOS component and ground reflection coefficient in addition to free

space path loss for the GRC.

Figure 5.8(b) shows, on the other hand, results in a dense-urban scenario at a UAV height of

150 m. A similar behavior to Figure 5.8(a) is observed for the persistent components in dense

urban scenario, except that there are additional non-persistent MPCs due to scattering from

densely deployed buildings. This results in overall higher TOA as compared to suburban

scenario. The TOA of these MPCs are randomly scattered, and are dependent on the terrain

cover properties vector. These non-persistent MPCs follow a given birth death process along

the trajectory of the UAV [70].

In Figure 5.9, CDFs of the TOAs for the MPCs are shown for different UAV heights and

propagation environments. We can generally observe an approximately linear response in

the CDF plots indicating the influence of persistent components. In Figure 5.9(a), the TOA
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Figure 5.9: CDF of TOA of MPCs at 28 GHz for different propagation environments, (a) Over sea, (b)
Rural, (c) Suburban, (d) Dense-urban.

of MPCs for over sea scenario is plotted for four UAV heights. We approximately have linear

CDFs except at 150 m, owing to refraction loss from the sea water in addition to the height

of the UAV. For the rural scenario in Figure 5.9(b), the response is similar as in case of over

sea scenario. This is due to the fact that there are very few buildings with lower heights

that marginally reflect the transmitted waves. The scattering effect is only visible for a UAV

height of 2 m. As the height of the UAV increases, the reflected MPCs from the few small

buildings will not reach the UAV resulting in mostly persistent components.

For the suburban scenario in Figure 5.9(c), the CDF for UAV heights of 100 m and 150 m

show only the effect of persistent components as observed in the over sea and rural scenario.

Whereas, at UAV heights of 2 m and 50 m, we observe higher variance in the TOA of

the MPCs due to their interaction with the buildings of comparable or higher heights with

respect to the UAV height. For the dense-urban scenario in Figure 5.9(d), we observe even

higher variance in the TOA of the MPCs as compared to all other propagation environments.

This is due to comparable or higher heights of large number of buildings with respect to the
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UAV heights. This results in significant number of non-persistent MPCs reaching the UAV

in addition to the persistent components as observed in Fig.5.8(b). In this case, the TOAs

of the MPCs are affected approximately equally at all the UAV heights.

5.5 Spatial Analysis of mmWave UAV Channels

In this section, spatial characteristics (in particular, DOAs and DODs) of the MPCs at the

transmitter and receiver are analyzed for different propagation environments.

5.5.1 Direction of Arrival of MPCs

The DOA of any MPC can be determined at the receiver by the knowledge of angles that it

forms in the elevation and azimuth planes.

Azimuth Direction of Arrival

The use of omni-directional antennas provides the ability to capture the MPCs from all

directions in the azimuth plane (0◦-360◦). Since the GS is fixed on the ground (no sideways

movement with respect to the UAV trajectory that is approximately straight), there will be

negligible change in the angles in the azimuth plane for the persistent components considering

the trajectory in Figure 5.1. On the other hand, for non-persistent components the DOAs

will be mainly dependent on the random vector of terrain cover.

Figure 5.10 shows the DOAs of the MPCs at UAV height of 50 m for suburban and dense-

urban scenarios. It can be observed that the DOA remains the same for both the suburban

and dense-urban scenarios for the persistent components observed as a continuous line with

decreasing received power along the link distance. The value of the DOA is dependent on the
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Figure 5.10: DOA in the azimuth plane for the UAV trajectory at a height of 50 m for (a) Suburban (b)
Dense-urban scenario.

reference selected, as well as the position of the transmitter and the receiver in the azimuth

plane. In addition to the persistent component, there are non-persistent MPCs at respective

azimuth DOAs that can be observed in addition to the persistent component in Figure 5.10(a)

and more randomly scattered ones in the dense-urban scenario in Figure 5.10(b).

The CDF of the DOAs of MPCs in the azimuth plane for different propagation environments

at respective UAV heights are shown in Figure 5.11. The DOA of the MPCs for over

sea scenario in Figure 5.11(a) depicts approximately constant probability of occurrence of

MPCs at a reference angle of around 325◦ (the value is dependent on the orientation of the

GS and the UAV trajectory). This angle corresponds to the persistent components that

have the similar angle in the azimuth plane from the GS. In case of rural scenario shown

in Figure 5.11(b), we have similar behavior as observed in the over sea scenario with the

exception that at 2m, we observe additional variance in the azimuth DOA with the range

extending to 190◦. This is due to the MPCs from the scatterers of comparable or higher

heights as compared to UAV height of 2 m. Similar observation can be made for the suburban

scenario in Figure 5.11(c). For the dense-urban scenario, on the other hand, we have higher
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Figure 5.11: CDF of DOA of MPCs at 28 GHz in the azimuth plane for different propagation environments,
(a) Over sea, (b) Rural, (c) Suburban, (d) Dense-urban.
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Figure 5.12: DOA in the elevation plane for the UAV trajectory at a height of 50 m for (a) Suburban,
(b) Dense-urban scenario; DOD in the elevation plane for the UAV trajectory at a height of 50 m for (c)
Suburban, (d) Dense-urban scenario.

variance of the azimuth DOA at all heights of the UAV between [0◦ − 360◦]. This high

variance is imparted by the non-persistent MPCs that have randomly distributed DOAs in

the azimuth plane due to reflections from multiple scatterers around the UAV trajectory,

resulting in higher angular spreads.
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Figure 5.13: CDFs of DOA of MPCs 28 GHz in the elevation plane for different propagation environments,
(a) Over sea, (b) Rural, (c) Suburban, (d) Dense-urban.

Elevation Direction of Arrival

The elevation angle of persistent and non-persistent components are dependent on the height

of the UAV. Additionally, for a given UAV height, the trajectory height remains constant

over the link distance. A plot of elevation DOA of MPCs for suburban and dense-urban

scenarios are shown in Figure 5.12(a)-(b). It can be observed that the elevation angle varies

along the UAV trajectory and tends to converge to the reference angle (90◦). This reference

angle corresponds to the elevation angle when the heights of both transmitter and receiver are

the same. At higher UAV heights, the elevation angle starts at higher values and converges

in a similar fashion to the reference elevation angle.

The CDF plots of the DOA in the elevation plane are shown in Figure 5.13 for four different

environments and four different UAV heights. The elevation DOA is observed to be depen-

dent on the UAV height in all the scenarios considered: higher the UAV height, higher the

elevation angle.
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Figure 5.14: CDFs of DOD of MPCs at 28 GHz in the elevation plane for dense-urban scenario.

5.5.2 Direction of Departure of MPCs

The DOD of the MPCs shows similar behavior as the DOA of the MPCs with smaller ranges

as compared to arrival angles. The azimuth DOD of the MPCs at the transmitter side

follow similar distribution as observed for DOA with respective angular values, which are

not repeated here due to space constraints. Rest of this subsection focuses on studying the

elevation DODs of the MPCs.

For DOD in the elevation plane we observe two distinct paths as shown in Figure 5.12(c) for

suburban scenario at UAV height of 150 m. The upper one represents the GRC elevation

angle and the lower one represents the LOS component. The GRC will be at higher elevation

angle as compared to the LOS component at the start of the UAV trajectory. Both of them

will converge to the reference angle along the UAV trajectory showing an increase in the

elevation angle of the LOS component and a decrease in the elevation angle of the GRC along

the UAV trajectory similar to as observed in case of elevation DOA. There are additional

non-persistent MPCs in case of dense-urban scenario with their respective elevation DOD

shown in Figure 5.12(d). The DOD of the non-persistent components is mostly around 90◦

due to far-off location of scatterers from the UAV trajectory.
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The CDFs of the DOD in the elevation plane are similar to those observed for DOA. For

DOD in the elevation plane, a CDF plot for the dense-urban scenario is shown in Figure 5.14.

It can be observed that at UAV height of 2 m we have a constant DOD in the elevation plane,

since both the UAV and the GS are aligned at same height. As the UAV height increases, we

observe a corresponding increase in the spread of the elevation angle with a mean around 90◦.

This shape of the CDF is due to two different angles of the LOS and the GRC components

as observed in Figure 5.12(c)-(d).
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Chapter 6

Coverage Enhancement for NLOS

mmWave Links Using Passive

Reflectors

6.1 Introduction

The use of smart communication devices and the higher data rate applications supported

by them have seen a surge in the recent decade. These applications require higher com-

munication bandwidths, whereas the available sub-6 GHz spectrum is reaching its limits

due to spectrum congestion. With the opening of millimeter wave (mmWave) spectrum by

FCC [21], various research efforts are underway to use mmWave spectrum for future 5G com-

munications. However, a major bottleneck for propagation at mmWave frequencies is the

high free space attenuation, especially for the non-line-of-sight (NLOS) paths. This makes

radio frequency planning very difficult for long distance communications.

Various solutions to this problem have been proposed in the literature, including, high trans-
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mit power, high sensitivity receivers, deployment of multiple access points or repeaters, and

beam-forming. However, there are limitations to each of these solutions. Increasing the

transmit power beyond a certain level becomes impractical due to regulations, whereas the

receiver sensitivity, is constrained by the sophisticated and expensive equipment required.

Similarly, using a large number of access points may not be feasible economically. The beam-

forming requires expensive, complex and power hungry devices, and it may still suffer from

NLOS propagation.

A convenient solution for NLOS mmWave signal coverage is by introducing metallic passive

reflectors. This stems from the fact that electromagnetic waves behave similarly to light [205].

The reflection properties of electromagnetic waves are better at higher frequencies due to

smaller skin depth [22] and lower material penetration. Similarly, the diffraction around the

edges of reflectors is smaller at mmWave frequencies. These reflectors can act similar to

a communication repeater but can operate without electricity and negligible maintenance.

They have longer life spans, and small initial investment cost when compared with repeaters

consisting of active elements. They may even be part of everyday objects, such as street signs,

lamp posts, advertisement boards, that can additionally improve mmWave signal coverage.

Passive metallic reflectors have been studied and employed in the past for long distance

satellite communications [206–208]. However, these studies are limited to point-to-point

links, whereas, for cellular networks, we may require wide coverage. There are also limited

studies available for downlink communications using passive reflectors [209, 210]. This is

due to the fact that most of the downlink civilian communications operate at sub-6 GHz,

where the communication radius is in the kilometer range and few communication repeaters

are required. Due to the large wavelength, the electromagnetic waves can easily penetrate

through most of the building structures without high attenuation, resulting in mostly NLOS

communications for the downlink. On the other hand, mmWave signals observe higher free

space path loss and higher penetration loss due to smaller wavelengths. As a result, the
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communication radius generally shrinks to few hundred of meters. This requires a large

number of communication repeaters for the downlink and commonly used active repeaters

may not be feasible.

The studies available to date in the literature on using passive reflectors for mmWave coverage

enhancement are limited. In [211], indoor coverage analysis at 60 GHz was carried out due to

reflections using simulations. It was observed that at 60 GHz, the coverage in the NLOS was

dependent solely on the reflections. A parabolic passive reflector is used for outdoor coverage

enhancement at mmWave frequencies in [212], that reflects incoming signal power from the

base station to users in the building shadowed zones. Numerical results indicate better

coverage in the shadowed zones using reflectors. In [213], a parabolic reflector is used behind a

patch antenna operating at 60 GHz of a hand held device. A gain of 19 dB - 25 dB is reported

after the introduction of a parabolic reflector that helps to counter the finger shadowing while

operating the device. In [214], reflecting properties of different building materials both in the

indoor and outdoor environments were calculated using channel measurements at 60 GHz.

To the best of our knowledge, there are no empirical studies available in the literature on the

use of metallic reflectors for downlink coverage enhancement at 28 GHz except our previous

works [215, 216]. This work is a major extension of our earlier studies [215, 216], where key

our contributions and findings can be summarized as follows.

1) We have performed measurements for indoor and outdoor NLOS mmWave propagation

scenarios at 28 GHz using National Instruments PXI platform shown in Fig. 6.1. Different

sizes and shapes of metallic reflectors are used for enhancing coverage in the NLOS region.

The received power was measured over an NLOS grid in an indoor corridor. Ray tracing

simulations were also carried out in a similar environment at 28 GHz and other center

frequencies. For the outdoor, the received power was measured at a given NLOS point at

different azimuth and elevation angles, in the presence and absence of flat metallic sheet

reflectors.
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(a) (b) (c)

Figure 6.1: (a) Measurement setup in the basement corridor of Engineering Building II at North Carolina
State University for flat square sheet aluminum reflector 0.61 × 0.61 m2, oriented at an azimuth angle of
45◦ with respect to the boresight of the transmit antenna, (b) simulation environment of the measurement
scenario in Wireless InSite, and (c) measurement setup for the outdoor scenario.

2) An analytical model for end-to-end reflected received power is developed for NLOS propa-

gation. The model is obtained by considering reflectors as secondary sources of transmission

towards the receiver, and it is applicable for different shapes and sizes of the reflectors. The

received power due to first order reflections from the flat metallic sheet reflector of a given

size approaches to line-of-sight (LOS) received power. However, for a non-metallic reflector,

the received power is significantly smaller compared to a metallic reflector. The reduction

in the received power for non-metallic reflectors is mainly due to absorption.

3) The received power due to first order reflections is dependent on the size of the incident

plane waves given by the pointing vector. Once the size of the reflector is equivalent to the

size of the incident plane waves, the received power is independent of the size of the reflector.

Similarly, we used a secondary reflector of size comparable to the primary reflector in order

to further steer the power in another direction.

4) For flat reflectors, the reflected received power is mainly dependent on the orientation

of the transmitter and receiver antenna’s boresight with the surface normal of the reflector.

In addition, the received power is also dependent on the orientation of the reflected plane

waves from a reflector of given size towards the receiver antenna. Different sizes of flat

reflectors provide maximum received power at different orientations for given incident plane
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waves. However, for outward curved reflectors e.g. cylinder and sphere, the orientation of the

reflector towards the receiver is less significant compared to flat reflectors. This is because

curved reflectors diverge the incoming energy in different directions.

6.2 Reflection Characteristics and Assumptions

In this section, we will discuss the reflection characteristics of metallic reflectors, size of

incident plane waves obtained through measurements, and the effective area of different

shaped reflectors.

6.2.1 Factors Affecting the Reflection Characteristics

Any solid object in the path of the radio waves can act as a reflector. The reflection char-

acteristics for radio waves are dependent on the following main factors: 1) radiation pattern

of the transmit antenna, 2) size and material of the reflector, 3) shape of the reflector, 4)

orientation of the reflector (for flat reflectors). Moreover, the diffraction around the edges of

the reflector also affects the reflection characteristics. However, the energy due to diffraction

around the edges of the flat reflectors is significantly small. The diffraction loss is greater

than 20 dB (from single edge diffraction [217]) for all the flat reflectors. For curved reflectors

the diffracted energy is even smaller than the flat reflectors.

Reflectors can be used effectively for steering directional transmissions to desired NLOS

regions. The directional transmission from a wave-guide antenna e.g. horn can be approxi-

mated to plane waves in space at a given distance from the source [199]. These plane waves

have a given area (provided by the pointing vector) and shape. The shape and size of plane

waves are dependent on the radiation pattern of the antenna, and they can be approximated

from the half-power beamwidths of the antenna in the azimuth and elevation planes.
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Figure 6.2: Reflection of an incident plane wave from the flat metallic surface.

The size of the reflector is an important factor that affects the amount of reflected power.

Considering planar wave transmission, the size of the reflector should be at least equal to

the size of the incident plane waves. This ensures maximum reflected power. However,

increasing the size of the reflector beyond the size of the plane waves will not contribute

to the increase in the reflected power. Moreover, the material of the reflector also affects

the reflected power. If the material is a perfect conductor with polished surface, we have

maximum reflected power. In such a case, the skin depth is zero. However, if the material

is not a perfect conductor, then we have additional power losses due to absorption.

The shape of a reflector determines the reflection pattern. Radar cross section (RCS) can

be used to distinguish the reflection pattern of different shaped reflectors. Flat reflectors

have larger RCS compared to the curved shaped reflectors. Additionally, the RCS pattern

is highly directive for flat reflectors. For curved shaped reflectors including cylinder and

sphere, the reflection characteristics are mainly dependent on the curve angle. For a given

curve angle, the incident plane waves can either converge or diverge in different directions.

Other complex shape reflectors such as saw-tooth reflectors can be employed for obtaining

different scattering patterns.
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As discussed earlier, the orientation of flat reflectors are important for obtaining maximum

reflected power. The boresight of transmitter and receiver antennas should be aligned to-

wards the center of the reflector. This results in maximum reflected power. However, it

was observed during measurements that the region of maximum reflection is different for

different sizes of reflectors. This is mainly due to the plane wave nature of the transmission

and its interaction with the surface of the reflector, shown in Fig. 6.2. This is contrary to

the case if we consider transmitted wave as a point light source. On the other hand, for the

curved shaped reflectors, change in geometrical orientation is generally not required. For

curved reflectors, reflected power is dependent on the inherent curve angle in the azimuth

and elevation planes.

6.2.2 Effective Plane Waves Area through Measurements

The radiation from all practical antennas is in the form of wavefronts. Furthermore, we can

assign rays (that are perpendicular to the wavefronts) to different regions of the wavefronts.

These rays provide antenna gain at specific regions in space during propagation. Therefore,

theoretically, the minimum area of a reflector required to steer the maximum energy from

a source antenna is equal to the area spanned by the ray with maximum gain (17 dBi in

our case). However, for small sized reflectors, it becomes extremely difficult to align the

incoming ray (with maximum gain) with the maximum gain region (17 dBi) of the receiving

antenna. Therefore, we require a given size of the reflector for steering the energy towards

the receiver conveniently.

In our measurements, we used horn antennas. The wavefront transmission from the horn

antenna at a given distance in the far field can be approximated to plane waves. These plane

waves have a power density given by the pointing vector S [218]. This pointing vector S

spans a given area in space called effective plane wave area represented as Apw. In the rest

of the paper, we refer to the effective plane wave area as simply plane wave area. The area,
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Figure 6.3: Verification setup using flat square metallic sheet reflectors of different sizes at 1.2 m from the
transmitter and receiver antennas.

Apw is comparable to the area spanned by the half power antenna radiation beamwidths

in the azimuth and elevation planes on a sphere at far field distance. The area, Apw can

provide us an estimate of the minimum area of a reflector required to steer the maximum

energy conveniently from the transmitter to the receiver. In order to find Apw, we conducted

a simple experiment in the lab. The setup is shown in Fig. 6.3. We used PXI transmitter,

receiver setup, and metallic square sheet reflectors of sizes in the range from 0.12× 0.12 m2

to 0.30× 0.30 m2.

The transmit power was kept at 0 dBm. The transmitter and the receiver antennas were

placed at a distance of 1 m from each other. The reflector was placed on a tripod such

that it had equal distance from the transmitter and receiver antennas. The reflector was

placed at 1.2 m, and 3.6 m distance from the transmitter/receiver antennas. The height

of the transmitter and the receiver antennas were kept at 1.3 m from the ground. The

transmitter and the receiver antennas pointed to the center of the sheet reflectors. The tripod

154



10 20 30 40 50 60
Delay (ns)

-130

-120

-110

-100

-90

-80

-70

-60

-50

-40

-30

R
ec

ei
ve

d 
po

w
er

 (
dB

m
)

No reflector
.12 m x .12 m reflector 
.17 m x .17 m reflector

Reflections from 
surrounding objects

.17 m x .17 m
.12 m x .12 m 
No reflector

Figure 6.4: PDP showing received power (from individual MPCs) for no reflector and flat square metallic
sheet reflectors of sizes 0.12×0.12 m2 and 0.17×0.17 m2. This PDP corresponds to a distance of 2.4 m (two-
way) from the transmitter to the receiver via the reflector. The time of flight for the reflector position is
8 ns.

carrying reflector was rotated around its center in order to observe the maximum reflected

power. This was performed in order to capture the maximum flux. The time resolution of

our PXI setup is 0.65 ns per sample. Therefore, we can distinguish reflections from any

two objects at a physical distance of 19.5 cm. These reflections are observed as multipath

components (MPCs) in the power delay profile (PDP). The PDP when the reflector is placed

at 1.2 m from the transmitter/receiver antennas is shown in Fig. 6.4. The reflections from

the reflector were observed at 8 ns (2.4 m; two-way distance) for different sizes of reflectors.

The maximum reflected received powers from different sized metallic sheet reflectors are

shown in Fig. 6.5. These reflected powers are obtained from the PDP shown in Fig. 6.4. The

first received power in Fig. 6.5 for no reflector is due to reflections from the tripod body.

Increasing the size of the reflector results in an increase of the received power. However,

it becomes constant after a given reflector size. This received power approaches to the free

space LOS power (given by Friis equation) at the given distance. Moreover, this reflector
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Figure 6.5: Maximum received power due to flat square metallic reflectors of different sizes at two distances
of the transmitter to the receiver via the reflector. Friis free space received power is also plotted at given
distances for comparison.

size corresponds to approximately the size of the plane waves at that distance from the

transmitter antenna. However, after 7.2 m (two-way distance), there is no further increase

in received power beyond 0.25× 0.25 m2. Therefore, this reflector area can be approximated

to the area of the transmitted plane waves given by Apw.

In order to further verify the approximate size of the plane waves at large distances, we

extended the same experiment to the corridor of a basement shown in Fig. 6.6. The size

of the first reflector was 0.25 × 0.25 m2. The received power from this reflector was first

measured at 49.5 m distance from the transmitter. This was later the position of the second

reflector, shown in Fig. 6.6(b). The received power at this position was the same as the

Friis free space power. The received power was also measured at another position, shown

in Fig. 6.6(c) at 55.5 m distance from the transmitter. Here, the second reflector of size

0.35 × 0.35 m2 was introduced at 49.5 m distance from the transmitter. At this position

also, the received power was the same as the Friis free space power. However, the size of the
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Figure 6.6: (a) A 0.25× 0.25 m2 flat square metallic sheet reflector placed at 45◦ (azimuth) with respect to
the boresight of the transmit antenna. The distance from the transmitter to the reflector is 45 m. (b) A
secondary reflector of size 0.35 × 0.35 m2 placed at the azimuth plane as the first reflector, oriented at 45◦

with respect to the receiver antenna’s boresight. The two reflectors are apart by a distance of 4.5 m. (c) A
receiver placed at 6 m distance from the secondary reflector.

second reflector required was larger than the first reflector in order to get to the Friis free

space power. This is mainly due to dispersion and possibly an enlargement of the reflected

plane waves from the first reflector.

6.2.3 Effective Area of Different Shaped Reflectors

The effective reflector area is the area that captures and redirects the incoming plane waves

towards the receiver. The effective area is, therefore, similar to the RCS of the reflector. For

flat reflectors this effective area is Arefl = wh, where w and h are the width and height of the

reflector, respectively. For the cylindrical reflector, the effective area for our setup (cylinder

placed vertically) is a fraction of 2πrh, where r and h represent the radius and height of the

cylinder, respectively. This effective area corresponds to the width of the receiver grid shown

in Fig. 6.7(c). This effective area is calculated based on the angle ∆Ψ (in radian) from the

geometrical setup. The height of the cylinder is scaled to the height of the incident plane

waves. The overall effective area is Arefl = ∆Ψr
√
Apw.

The reflected energy from the sphere is scaled in both azimuth and elevation planes. There-

fore, the effective area is obtained based on the solid angle from the reflector towards the

receiver grid. The solid angle is approximated as the product of the angular widths in the
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Figure 6.7: (a) Geometrical model in the azimuth plane for the indoor scenario with a reflecting surface
deployed at the corner of a corridor, (b) top view (azimuth plane) for the transmitted and reflected plane
waves from a flat reflector, (c) top view for transmission and reflection on the receiver grid corresponding to
the effective area of the cylinder reflector, (d) side view of secondary transmission from the sphere reflector
corresponding to its effective area, (e) top view of the layout of the outdoor measurement scenario.

azimuth and elevation planes denoted as ∆Ψ, ∆Ω, respectively, shown in Fig. 6.7(d). The

width in the azimuth plane corresponds to the width of the receiver grid. The width in the

elevation plane corresponds to a small region around the receiver antenna. Therefore, the

effective area for our setup is Arefl = ∆Ψ∆ΩR2
m, where Rm is the minimum distance of the

receiver antenna from reflector.

6.3 Modeling End-to-End NLOS Received Power

In this section, we will provide an analytical model for NLOS end-to-end received power

using reflectors of different sizes and shapes.
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6.3.1 Total Received Power

In this subsection, we provide the total received power modeling for NLOS end-to-end prop-

agation in the presence of reflectors. The NLOS area is such that there is a direct path

between the transmitter and the receiver through the reflector. Fig. 6.7 shows typical in-

door and outdoor NLOS propagation scenarios with a reflector placed at specific positions.

In our modeling, we consider the reflector as a secondary transmission source. Therefore,

a major contribution of the received power comes from first order reflections. In addition

to first order reflections, second-order reflections are also significant for large-sized primary

reflectors. Moreover, there are also other sources in the surroundings that contribute to the

total received power. Taking all these into account, the total NLOS received power P can

be represented as:

P = P
(1)
refl + P

(2)
refl + Polos + Ps, (6.1)

where P
(1)
refl and P

(2)
refl are the received powers due to first and second-order reflections from the

reflectors, respectively, Polos is the power from the obstructed LOS (OLOS) path and Ps is the

received power from other surrounding objects. We have considered the contribution of only

two dominant reflectors to the received power, however, it can be extended to any number

of reflectors. Moreover, the received power from Polos is independent of the reflector/s and

not necessarily exist for every NLOS scenario, whereas, Ps is generally always present and

can change with the position or size of the reflector.

6.3.2 First Order Reflected Power Modeling

The received power due to first order reflections from the reflector contributes mainly to

the total received power. In addition, for flat reflectors, the orientation of the reflector with

respect to transmitter and receiver antennas is important. However, for curved reflectors,

159



the orientation is less significant. The received power due to first order reflections from the

reflector is calculated based on the transmit power density. The transmitted power density

at the reflector is denoted as prefl(R1), at distance R1 from transmitter [199], and given as:

prefl(R1) =
PtxGtx(θtx, φtx)

4πR2
1

, (6.2)

where Ptx and Gtx(θtx, φtx) are the transmitted isotropic power and gain (directivity) of the

transmit antenna at respective azimuth and elevation angles of θtx and φtx. This power

density is received by the reflector with a given effective area Arefl (see Section 6.2.3). The

effective area Arefl, that captures and redirects the incoming power density towards the

receiver is also known as the RCS, denoted by σ. In other words, the reflector acts as a

secondary source of transmission towards the receiver. This secondary transmission can be

explained by Huygens’ principle [219] shown in Fig. 6.2.

The captured and redirected power density from the reflector is denoted as prefl(R1, R2),

where R2 is the distance of the reflector to another reflector or the receiver. The redirected

power density prefl(R1, R2) is given by:

prefl(R1, R2) =
PtxGtx(θtx, φtx)

(4πR1R2)2
σΓ, (6.3)

where Γ is the reflection efficiency of the first reflector material. If the reflector is a conductor

with a polished surface, then, Γ = 1. However, for dielectrics or lossy reflector materials,

Γ < 1. The plane waves after reflection from the reflector travels towards the receiver shown

in Fig. 6.7(b). If Arx is the receiver antenna’s aperture, then the received power captured at

the receiver antenna, P
(1)
r (R1, R2) is given by:

P
(1)
refl(R1, R2) = prefl(R1, R2)Arx, (6.4)

P
(1)
refl(R1, R2) = prefl(R1, R2)Grx(θrx, φrx)

λ2

4π
, (6.5)
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where Grx(θrx, φrx) is the gain of the receiver antenna at respective azimuth and elevation

angles. The reflected received power is also dependent on the relative orientation of the

transmitter, receiver antennas and the reflector (for flat reflectors). There are two orien-

tations that need to be considered for reflected power from the transmitter to the receiver.

The first is the physical orientation between the transmitter, receiver antenna’s boresight

and the reflector’s surface normal.

In order to get maximum received power, the angles between the transmitter and receiver

antenna’s boresight with the reflector’s surface normal should be the same. Let θi and θr

represent the angles formed between the unit vectors of the boresight of the transmitter

and receiver antennas, with the unit normal of the reflector, respectively, in the azimuth

plane. This is shown in Fig. 6.7(a). Similarly, φi, φr represent the corresponding angles in

the elevation plane. In our setup (both indoor and outdoor) the transmitter antenna and

reflector are fixed, therefore, θi and φi are constant. Let us represent, ∆θ = |θopt− θr|, where

θopt is the optimum reflection angle corresponding to the transmit antenna’s boresight and

surface normal of the reflector. For example, for our indoor setup in Fig. 6.7(a), θopt = 45◦.

The change in ∆θ due to shifting from optimum angle results in an exponential decrease in the

received power given by α∆θ
f , where αf < 1. The constant αf incorporates the decrease due to

shift from the maximum reflected power region and decrease due to receiver antenna’s gain

compared to the boresight. Similarly, the decrease in the elevation plane can be represented

by α∆φ
f .

The second orientation is between the reflected plane waves from the reflector to the receiver.

This orientation is dependent on the surface characteristics of a given reflector generating

the reflected plane waves. For example, the surface normal of the reflected plane waves

from a small sized reflector may not be in the same direction as generated by a large-sized

reflector, even though both are flat shaped reflectors. This is mainly due to the surface

currents generated by the incident plane waves over the surface of the reflector.
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The second orientation takes into account the angle between the unit normal vector of the

reflected plane waves and the unit normal vector of the boresight of the receiver antenna.

Let n̂rp(rrp, θrp, φrp), n̂rx(rrx, θrx, φrx) represents the unit normal vectors of the reflected plane

wave surface and the unit vector of the boresight of the receiver antenna, respectively. In

order to express the reduction in the received power due to orientation mismatch between

the reflected plane waves and the receiver antenna’s boresight we define a term, β1−|n̂rp·n̂rx|2 ,

where β < 1. Now, the received power from (6.5) is given as:

P
(1)
refl(R1, R2) =

prefl(R1, R2)Grx(θrx, φrx)λ2

4π
× α∆θ

f α∆φ
f β1−|n̂rp.n̂rx|2Γ, (6.6)

if the orientations are perfect i.e. θi = θr = θopt, φi = φr = φopt, n̂rp.n̂rx = 1 and the

reflector is perfect polished conductor with Γ = 1. Moreover, if the RCS of the reflector is

equal or larger than the area of the incident plane waves, denoted by σ′, then, the reflected

received power in (6.6) approaches to Friis free space received power. In other words, all the

transmitted power is captured by the reflector and redirected towards the receiver at a given

angle. Therefore, we can equate (6.6) and Friis free space equation [220] equal to each other

as follows:

PtxGtx(θtx, φtx)Grx(θrx, φrx)λ2σ′

4π(4πR1R2)2
=
PtxGtx(θtx, φtx)Grx(θrx, φrx)λ2

4π(R1 +R2)2
, (6.7)

where the area of the incident plane waves is given by

σ′ =
4π(R1R2)2

(R1 +R2)2
. (6.8)

Let Arefl represent the effective area of the reflector. Additionally, considering the polariza-

tion mismatch losses between the transmitted and reflected plane waves from the reflector,
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we can write (6.6) and (6.8) as follows:

P
(1)
R (R1, R2) =

PtxGtx(θtx, φtx)Grx(θrx, φrx)λ2σ′

4π(4πR1R2)2
× α∆θ

f α∆φ
f β1−|n̂rp·n̂rx|2 ×

min
(
Apw,Arefl

)
Apw

Γ

|ρTX · ρrefl|2,

(6.9)

where ρTX and ρrefl represents the polarization unit vectors at the transmitter and at the

reflector (after reflection), respectively, and |ρTX ·ρrefl|2 represents the polarization mismatch

loss. From (6.9), if there are no orientation losses, and size of the reflector is equal or larger

than the size of the plane waves, the received power approaches to Friis free space received

power. However, the rate of power decay (generally given by path loss exponent) can change

depending on the environment.

For cylinder and sphere reflectors, the orientation losses are considered to be negligible.

Because the cylinder or sphere provides spreading of the incoming energy equally in respective

directions. For cylinder and sphere reflectors, the decrease in the received power on the grid

is mainly due to two factors. One is due to the decrease in the gain of the receiver antenna

as we move away from the boresight. The second is due to the distance on the grid. Similar

to flat reflectors, the decrease in the received power due to shift from the receiver antenna’s

boresight is represented by α∆θ
c and α∆φ

c in the azimuth and elevation planes. However,

αc > αf . This is because we do not have additional decrease due to shift from a maximum

reflected power region as observed for flat reflectors. In addition, the reflected power from

cylinder and sphere is distributed over the indoor receiver grid based on their effective areas

given in Section 6.2.3. Therefore, the received power for cylinder and sphere reflectors is

given as:

P
(1)
R (R1, R2) =

PtxGtx(θtx, φtx)Grx(θrx, φrx)

4π(4πR1R2)2
× λ2σ′α∆θ

c α∆φ
c

min
(
Apw,Arefl

)
Apw

Γ. (6.10)
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6.3.3 Second Order Reflected and OLOS Power Modeling

The received power due to second-order reflections from an additional reflector can be ob-

tained in a similar way as first order reflections. If R1 represents the distance from the

transmitter to the first reflector and R2 represent the distance from the first reflector to the

second reflector, and R3 represents the distance from the second reflector to the receiver

antenna, the received power is given as:

P
(2)
R (R1, R2, R3) =

PtxGtx(θtx, φtx)Grx(θrx, φrx)λ2σ′′

(4π)4(R1R2R3)2
× α∆θ(1)

f α∆φ(1)

f α∆θ(2)

f α∆φ(2)

f

× β1−
∣∣n̂rp·n̂refl

∣∣2
β1−
∣∣n̂refl·n̂rx

∣∣2
×

min
(
A

(1)
pw,A

(1)
refl

)
A

(1)
pw

min
(
A

(2)
pw,A

(2)
refl

)
A

(2)
pw

× Γ1Γ2|ρTX · ρrefl|2|ρrefl · ρ(2)
refl|

2, (6.11)

where we have

σ′′ =
(4πR1R2R3)2

(R1 +R2 +R3)2
, (6.12)

while ∆θ(1) and ∆θ(2) represent the absolute difference between the optimum reflection an-

gle (the expected reflection angle) and the current receiver angle (due to its position) in the

azimuth plane for first and second reflectors, respectively. Similarly, ∆φ(1), and ∆φ(2) rep-

resent the absolute difference of angles in the elevation plane for first and second reflectors,

respectively. Moreover, n̂refl is the unit vector for the surface normal of the plane waves

reflected from the second reflector, A
(1)
pw and A

(2)
pw are the areas of the plane waves incident

on the first and second reflectors, respectively, A
(1)
refl and A

(2)
refl represent the effective areas of

the first and second reflectors, respectively. The reflection efficiency of the first and second

reflectors are represented by Γ1 and Γ2, respectively, whereas, ρ
(2)
refl represents the polarization

vector at the second reflector (after reflection).

Apart from the received power due to dominant reflectors, we can have received power from

the OLOS also if one exists. Let us consider that a significant OLOS path is present due
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to obstruction with the propagation loss coefficient, η < 1. The coefficient η incorporates

the obstruction losses. Then, the OLOS received power at a distance of R between the

transmitter and the receiver is given as:

Polos(R) =
PtxGtx(θtx, φtx)Grx(θrx, φrx)λ2η

(4πR)2
. (6.13)

The remaining constituent of the total received power Ps incorporates mostly received power

from weaker or higher order reflections from surrounding objects. It can also incorporate the

received power due to diffraction in NLOS scenarios depending on the operating frequency

and propagation geometry.

6.4 Propagation Measurements and Ray Tracing Sim-

ulations Setup

Propagation measurements were performed in typical NLOS scenarios for indoor and out-

door. For indoor, reflectors of different shapes and sizes were placed at the edge of the

corridor. The received power was measured over a receiver gird in the corridor. Ray tracing

simulations were also carried out for this propagation setup. For outdoor, different sizes of

flat metallic sheet reflectors were used for an NLOS area due to obstruction. The received

power was measured at a single receiver position at different azimuth and elevation angles.

6.4.1 Indoor Measurement Setup

Indoor measurements were carried out in the basement corridor of Engineering Building II at

North Carolina State University. The measurement and simulation environment for indoor

and outdoor channel measurements are shown in Fig. 6.1. The receiver is moved at different

positions in the (x, y) plane of the corridor to form a receiver grid shown in Fig. 6.7(a).
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Figure 6.8: (a) Channel sounder setup, (b) 0.84 × 0.84 m2 flat reflector, (c) cylinder reflector, (d) sphere
reflector.

The size of the (x, y) receiver grid is (1.5 m, 15 m) such that each measurement block is

0.3 m×0.3 m. A similar geometry is generated using the Remcom Wireless InSite RT software

to compare with the measurement outcomes and will be explained in Section 6.4.3.

The measurements were performed using NI mmWave transceiver system at 28 GHz [221]

as shown in Fig. 6.8(a). The system consists of two PXI platforms: one transmitter and one

receiver. There are two rubidium (Rb) clocks used at the transmitter and the receiver sides

that provide common 10 MHz clock and pulse per second (PPS) signal. The output from

the PXI intermediate frequency (IF) module is connected to the mmWave transmitter radio

head that converts the IF to 28 GHz. Similarly, at the receiver side, the mmWave radio head

down converts 28 GHz RF signal to IF.
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The digital to analog converter at the transmitter and the analog to digital converter at the

receiver has a sampling rate of 3.072 GS/s. The channel sounder supports 1 GHz and 2 GHz

modes of operation. The measurements for this paper are performed using the 2 GHz mode

where the sounding signal duration is 1.33 µs, which is the maximum measurable excess delay.

This mode provides a 0.65 ns delay resolution in the delay domain, corresponding to 19.5 cm

distance resolution. The analog to digital converter has around 60 dB dynamic range and

this system can measure path loss up to 185 dB. The transmit power for the experiment is

set to 0 dBm. A power sensor measures the power at the output of the mmWave transmitter

front end using an RF coupler. The power sensor lets us convert measurements in dB units

into dBm units.

In order to get accurate channel measurements, we need to characterize the non-flat fre-

quency response of the measurement hardware itself, and subsequently do a calibration to

compensate for the impulse response due to the hardware. For calibration purposes, a cable

with fixed attenuators connects the transmitter to the receiver. Assuming the cable and the

attenuators have a flat response, the channel response of the hardware is measured. During

actual measurements, the hardware response is equalized assuming hardware response does

not vary over time. After this equalization, we obtain the response of the actual over the air

channel.

The antennas that are used at the transmitter and the receiver are linearly polarized pyra-

midal horn antennas [222], having a gain of 17 dBi and half-power beam-widths of 26 and 24

degrees in the E and H planes, respectively. To improve the coverage area in NLOS receiver

region in the corridors, we use aluminum flat sheet reflectors with different sizes, a cylinder,

and, a sphere as shown in Fig. 6.8(b), Fig. 6.8(c), and Fig. 6.8(d). These reflectors are

placed at the corner of the walls facing the corridor as shown in Fig. 6.1(a). The aluminum

sheet used is 5086-H32 having a thickness of 1.6 mm. Three flat sheets with side lengths of

0.30 m, 0.61 m, and 0.84 m, respectively, are used in the measurements. A metallic cylinder
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Figure 6.9: Measurement setup (a) transmitter shown on the gimbal. During the measurements, the trans-
mitter was not rotated, (b) receiver Location. 0.84 × 0.84 m2 reflector is positioned at approximately 45◦

angle to maximize the received power, (c) the orientation of elevation and azimuth angles.

of radius 0.11 m and height 0.46 m is used, whereas a mirror ball covered with an aluminum

sheet having a diameter of 0.34 m is used. The surface areas of 0.61× 0.61 m2, flat reflector,

cylinder, sphere have similar cross-sectional area.

In order to place different flat reflectors on the same plane, a cardboard of size 0.84×0.84 m2

is used as a reference as shown in Fig. 6.1(a). The center of the cardboard is aligned to the

center of the bore-sight axis of the antenna. Different sized reflectors are placed such that

their centers are aligned to the center of the cardboard. Similarly, the bore-sight axis of the

antenna is aligned to the center of the cylinder and sphere. There is no orientation of the

reflectors in the vertical plane.

6.4.2 Outdoor Measurement Setup

The outdoor measurements were performed inside two parking buildings next to each other

at North Carolina State University (NCSU) campus as shown in Fig. 6.9. The receiver was

located behind a brick wall compartment with a glass window inside. There was no direct

LOS between the transmitter and the receiver. However, there was an obstructed line-of-

sight (OLOS) through the window. The receiver antenna was mounted on a rotatable gimbal

in order to collect energy from different azimuth and elevation directions. The transmitter

antenna was not rotated. Three flat square metallic sheet reflectors of sizes 0.30× 0.30 m2,
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0.61 × 0.61 m2, and 0.84 × 0.84 m2 were used 3.5 m away from the receiver as shown in

Fig. 6.9(b).

For comparison, we considered two scenarios: one without the reflector and one with reflec-

tors. The transmitter antenna was fixed at 0◦ elevation angle facing directly the reflector.

The heights of transmitter and receiver were the same such that the boresight of each antenna

point to the center of the reflector. The gimbal at the receiver side scanned the azimuth

plane from −168◦ to 168◦ with 10◦ increments, and the elevation plane from −30◦ to 30◦

with 10◦ increments shown in Fig. 6.9(c). The transmit power was set to 0 dBm.

6.4.3 Ray Tracing Simulation Setup

Simulations for the passive metallic reflectors at mmWave frequencies were performed using

Remcom Wireless InSite RT software, replicating the indoor experimental environment as

shown in Fig. 6.1(b). The red blocks in the figure represent the individual receiver points

in the grid. A sinusoidal sounding signal at 28 GHz was used, and the transmit power

was 0 dBm. Horn antennas [222], similar to used in the measurements, were used at both

transmitter and the receiver grid.

In addition to specular reflection at mmWave frequencies, diffuse scattering also occurs

dominantly due to the comparable size of the wavelength of the transmitted wave and the

dimensions of the irregularities of the surfaces that it encounters. In the simulations, the dif-

fuse scattering feature had been used to take into account this factor. The diffuse scattering

model used in the simulations was the directive model. Only the diffuse scattering coefficient

was changed for different materials, whereas the other model parameters remained the same.

Diffuse scattering coefficient of different materials used in the simulations were 0.1, 0.2, 0.25

and 0.3, for the perfect conductor, concrete, ceiling board, and layered drywall, respectively.

The materials with higher roughness were assigned higher diffuse scattering coefficient.
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The received power was obtained and summed non-coherently from the received MPCs at a

given receiver location. This did not involve the phase of each MPC to be considered in the

received power calculation. The similar was done for measurements.

The walls, floor, ceiling, door and reflector materials were selected such that they were similar

to the actual measurement environment setup as much as possible. The ITU three-layered

drywall was used for walls and ITU ceiling board was used for ceilings, concrete was used

for floor, and a perfect conductor was used for the door and the metallic reflector. All the

materials were frequency sensitive at 28 GHz. The dimensions of the simulation setup were

the same as in Fig. 6.7(a).

Ray tracing simulations were also performed for different center frequencies. These frequen-

cies are 1.8 GHz, 2.4 GHz, 38 GHz, and 60 GHz. No diffuse scattering was used for 1.8 GHz

and 2.4 GHz center frequencies. This is mainly due to larger wavelengths compared to the

size of the surface roughness of the materials in the environment. However, at 38 GHz, and

60 GHz, larger diffuse scattering coefficients were used, compared to at 28 GHz for different

materials in the environment. A 0.1 increase in the diffuse scattering coefficient value for

every 10 GHz increase of the center frequency, compared to at 28 GHz was used.
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Figure 6.10: Total received power results on the grid shown in Fig. 6.7(a) for (a) no reflector, obtained using
(left) measurements, and (right) ray tracing simulations, (b) 0.30 × 0.30 m2 flat square aluminum sheet at
θ = 45◦, obtained using (left) measurements, and (right) ray tracing simulations, (c) 0.61 × 0.61 m2 flat
square aluminum sheet at θ = 45◦, obtained using (left) measurements, and (right) ray tracing simulations,
and (d) 0.84 × 0.84 m2 flat square aluminum sheet at θ = 45◦, obtained using (left) measurements, and
(right) ray tracing simulations.

6.5 Measurement, Simulation and Analytical Results

for Indoor Scenarios with Reflectors

In this section we present indoor measurement and ray tracing results at 28 GHz, and ray

tracing results at various frequencies. Analytical results (from Section 6.3) for the received

power distribution over the indoor receiver grid for different reflector sizes/shapes are also
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provided.

6.5.1 Indoor Measurements and Simulations with Flat Reflectors

In this subsection, empirical and simulation results are presented for the indoor NLOS mea-

surements with and without metallic reflectors for the setup shown in Fig. 6.7. In measure-

ments shown in Fig. 6.10(a) where no reflector is used, we observe slightly higher received

power at the top left corner of the receiver grid mostly due to diffraction at the edge of the

corridor wall. In the case of simulations, we observe some reflections from the wall oppo-

site to the transmitter; however, the overall received power, in this case, is less than the

measurements.

The flat reflectors are oriented at 45◦ in the azimuth plane as shown in Fig. 6.7(a) for all the

measurements. For the 0.30×0.30 m2 reflector shown in Fig. 6.10(b), it can be observed that

we have a directional coverage spreading with the distance along the y-grid. The reflections

that are perpendicular to the incident plane waves create a strip of dominant coverage area

starting from the top right portion of the receiver grid. The width of this dominant coverage

area is proportional to the width of the reflector as expected.

The received power decreases exponentially as we move left on the grid. This is because as

we move left on the grid, we move away from the optimum reflection angle region. However,

as move downward over the grid for a given x value, this decrease becomes smaller. This is

due to a small angular difference from the optimum reflection region as we move downward.

Moreover, the received power also decreases due to the increase of the distance as we move

downward on the grid. However, this decrease due to the increase of distance is small

compared to the shift from the optimum reflection region. This is accordingly modeled in

Section 6.3.2.

The 0.61×0.61 m2 and 0.84×0.84 m2 reflector measurement results are shown in Fig. 6.10(c)
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and (d), respectively. Similar to 0.30 × 0.30 m2 case, we observe a solid strip of dominant

coverage area with a width proportional to the size of the reflector. The received power is

distributed similarly across the receiver grid with a better coverage as compared to 0.30 ×

0.30 m2 case. Moreover, we observe a similar exponential decrease in the received power as

we move away from the optimum reflection angle region.

For all the flat reflector scenarios, we observe power distribution mostly on the right side

of the receiver grid, whereas we observe outage at the top left corner of the receiver grid.

This is due to the property of directional reflection for the flat reflectors. Three plausible

solutions to provide coverage on the top left side of the receiver grid can be; 1) By orienting

the reflector at angle less than 45◦ (but will result in reduced power on the right side of the

grid); 2) by using secondary reflectors that are oriented accordingly to reuse the reflected

energy; 3) using outward curved reflectors e.g. cylinders that can distribute the energy more

uniformly on the grid due to divergence phenomenon.

In Fig. 6.10 side by side comparison of measurements and RT simulations are possible. The

distribution of the power on the receiver grid is similar for both the measurements and the

simulations for the three different reflector sizes. For all the cases, we observe smaller received

power for RT simulations when compared to the measurements. One reason is the presence of

additional small scatterers in the environment and approximate diffuse scattering coefficients

used in the simulations for real-world materials. Another reason is because of the simple

construction of the flat reflectors with a smaller number of reflection points for ray tracing.

This is in contrast to complex reflector shapes (e.g. curved) that have a large number of

reflection points. Moreover, a small additional power gain is observed for 0.30×0.30 m2 and

0.61× 0.61 m2 reflectors from the cardboard which was not included in simulations.
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Figure 6.11: Total received power results for (a) metallic sphere obtained using (left) measurements, and
(right) ray tracing simulations; (b) metallic cylinder obtained using (left) measurements, and (right) ray
tracing simulations.

6.5.2 Indoor Measurements Simulations with Non-Flat Reflectors

The measurement and simulation results for cylinder and sphere reflectors are shown in

Fig. 6.11. We observe smaller received power for sphere reflector compared to the cylinder,

mainly due to a smaller effective area (see Section 6.2.3). Moreover, the cylinder reflector

provides more uniform power distribution on the receiver grid compared to flat reflectors.
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The reason for this can be explained due to the high divergence of the incoming energy

randomly in the surroundings from the top and bottom of the sphere. Similarly, for both

the cylinder and sphere, we observe less power as compared to the flat sheet reflector 0.61×

0.61 m2, though all three have approximately similar cross-section area. The reason for this

behavior is due to the small effective area of the cylinder and sphere exposed to the incoming

energy as compared to the flat sheet reflector.

Simulation results in Fig. 6.11 exhibit larger received power as compared to measurements.

This behavior is due to a large number of surface points for curved reflectors (due to their

complex construction) in ray tracing simulations [223]. These additional surface points

result in additional reflections for curved reflectors, which yield larger received power in ray

tracing simulations. However, for flat reflectors, the number of surface points for ray tracing

is smaller compared to curved surfaces. This is due to their simpler construction. Therefore,

we observe smaller received power for flat reflectors compared to curved reflectors.

6.5.3 Analytical Received Power Results for Indoor

The analytical results for end-to-end received power in indoor NLOS area is obtained from

Section 6.3. From (6.1), there are three major sources of received power in the indoor setup,

P
(1)
refl , P

(2)
refl and Ps. However, the major contributor to the received power is P

(1)
refl . Whereas, the

received power due to P
(2)
refl cannot be calculated directly in the corridor due to random nature

of the second-order reflections. In addition, the portion of the received power provided by

Ps is very small. Therefore, we can approximate Ps = −70 dBm uniformly over the receiver

grid for analytical results. This value is obtained from empirical results for no reflector in

Fig. 6.10(a). The value of αf from (6.9) is set to 0.72, whereas, αc = 0.85 from (6.10). Also,

as we used polished metal sheets, therefore, Γ = 1 and |ρTX · ρrefl|2 = 1.

The received power calculated analytically on each receiver grid position is shown in Fig. 6.12.
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Figure 6.12: Total received power results obtained analytically from Section 6.3 plotted on the grid for (a)
flat square metallic sheet reflectors of sizes, 0.30 × 0.30 m2 (left), 0.61 × 0.61 m2 (right), and (b) sphere
reflector (left), cylinder reflector (right).

In Fig. 6.12(a), analytical received power due to 0.30 × 0.30 m2 reflector (left) and 0.61 ×

0.61 m2 reflectors (right) are shown. The analytical results for 0.84 × 0.84 m2 reflector

are similar as 0.61 × 0.61 m2. The received power for 0.30 × 0.30 m2 reflector is smaller

than 0.61 × 0.61 m2 reflector. This is mainly due to the factor, β1−|n̂rp·n̂rx|2 , explained in

Section 6.3.2. However, calculating an exact value of β1−|n̂rp·n̂rx|2 at different grid positions

is not possible. Therefore, from empirical results in Fig. 6.10(b), (c) and (d), the value of

β1−|n̂rp·n̂rx|2 is approximated to −3 dB. This value corresponds to the decrease in received

power for 0.30×0.30 m2 reflector compared to 0.61×0.61 m2 and 0.84×0.84 m2 reflectors. On

the other hand, from 0.61×0.61 m2 to 0.84×0.84 m2, this value do not change significantly.

From Fig. 6.12(a), it can be observed that we have maximum received power around the

optimum reflection angle region (rightmost on the grid). However, as the angular difference

from this region increases, the received power decreases accordingly given by α∆θ
f from (6.9).

On the other hand, the decrease in the received power due to the distance from the reflector

source on the grid as we move left or downward is less significant compared to α∆θ
f . The

value α∆φ
f is 1 as the angle in the elevation plane is set to optimum. Also, there is no change

in the elevation plane as we move on the receiver grid. Moreover, there is no decrease in the

received power due to the size of the reflector. This is because the sizes of the reflectors are

176



larger than the size of the plane waves.

Comparing the analytical results in Fig. 6.12(a) with the measurement and simulation results

in Fig. 6.10(b) and (c), we observe a close match. However, the discontinuities in the received

power over the grid for measurements are mainly due to higher order reflections in the

corridor. In both the measurement and analytical results for 0.61 × 0.61 m2 reflector, the

received power approaches to the Friis free space power.

The analytical received power results for sphere and cylinder reflectors are shown in Fig. 6.12(b).

In the analytical modeling, we considered the surfaces of the cylinder and sphere as circularly

curved. Therefore, they diverge the incoming power equally in all the directions over the

grid. However, the decrease in the received power on the grid is mainly due to decrease in the

receiver antenna’s boresight gain as we move left on the grid. This decrease is represented

by factor α∆θ
c , whereas, α∆φ

c = 1. Moreover, the received power on the grid is limited by

the effective area of the cylinder and sphere (see Section 6.2.3). Therefore, the cylinder has

larger received power compared to sphere due to a larger effective area. Moreover, comparing

measurement and analytical results for sphere and cylinder indicate differences, which are

mainly due to non-ideal curved surfaces of real cylinder and sphere.

6.5.4 CDF of Received Power for Indoor

The received power across the receiver grid can be captured using a cumulative distribution

function (CDF) for each scenario. The CDF plots of received power over the whole receiver

grid for flat sheet reflectors and no reflector are shown in Fig. 6.13(a). As observed previously,

the received power for the 0.30 × 0.30 m2 reflector is smaller than the 0.61 × 0.61 m2 and

0.84 × 0.84 m2 reflectors, while the low power (outage) areas are similar. The variance of

the received power with different reflectors is higher when compared to no reflector scenario

as expected. Another observation from Fig. 6.13(a) is that the received power varies in the
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Figure 6.13: CDF of total received power for multiple scenarios. (a) no reflector, 0.30×0.30 m2, 0.61×0.61 m2,
and 0.84×0.84 m2 flat square sheet reflectors (measurements); (b) no reflector, 0.30×0.30 m2, 0.61×0.61 m2,
and 0.84 × 0.84 m2 flat square sheet reflectors (simulations); (c) no reflector, cylinder reflector, and sphere
reflector (measurements); (d) no reflector, cylinder reflector, and sphere reflector (simulations).

range [-75,-40] dBm, while for no reflector case it is [-85,-70] dBm. This can be related

to directional propagation in mmWave bands. In particular, highly directional scattering

(reflection) results in power increase in some regions less and in some others more.

In Fig. 6.13(b), the CDFs of received power from the simulations are shown corresponding to

the same reflector scenarios. Results show that simulations match reasonably with measure-

ments. We obtain a median gain of around 20 dB for the 0.61× 0.61 m2 and 0.84× 0.84 m2

reflector scenarios as compared to the no reflector case.

The CDF of received power for cylinder and sphere reflectors from measurements and sim-
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Figure 6.14: CDF of total received power at different center frequencies: (a) 1.8 GHz, (b) 2.4 GHz, (c)
38 GHz, and (d) 60 GHz.

ulations are shown in Fig. 6.13(c) and Fig. 6.13(d), respectively. Cylinder reflector exhibits

higher received power in the measurements compared to the sphere. Whereas in simulations,

we observe high received power for both cylinder and sphere.

A plot of the CDF of the received powers at different center frequencies for different sizes

of flat sheet reflectors is provided in Fig. 6.14. The results are obtained through ray trac-

ing simulations. It can be observed that the mean received power is approximately the

same for different sizes of flat reflectors, at a given center frequency. Moreover, the power

gain (comparing the received power in the presence of reflector with no reflector) at 38 GHz

and 60 GHz is close to obtained at 28 GHz. However, at 1.8 GHz and 2.4 GHz, we observe
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Figure 6.15: Total received power at different azimuth and elevation angles at the receiver in the outdoor
setting for (a) no reflector, (b) 0.30× 0.30 m2 reflector, (c) 0.61× 0.61 m2 reflector, and (d) 0.84× 0.84 m2

reflector.

slightly higher power gain compared to other higher frequencies. This increased gain is at-

tributed to negligible diffuse scattering from different material surfaces in the environment

at 1.8 GHz and 2.4 GHz (see Section 6.4.3). The comparison of the received power results at

different center frequencies with the analytical results from Section 6.3 provides a close fit.

6.6 Measurement and Analytical Results for Outdoor

Scenarios with Reflectors

In this section, outdoor measurements are presented and analyzed for different sizes of flat

sheet reflectors. Moreover, analytical modeling results from Section 6.3 and their comparison

with the measurement results are also provided.
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6.6.1 Outdoor Measurement Results

The measurement results for received power in outdoor are obtained at a single receiver

position. The receiver antenna is rotated from −168◦ to 168◦ in the azimuth plane and

−30◦ to 30◦ in the elevation plane. The received power is obtained at each receiver antenna

rotation. On the other hand, the transmit antenna is not rotated. Fig. 6.15(a) shows the

received power when there is no reflector. In this case, the maximum power of -65.6 dBm

is observed at the azimuth angle of 81◦ and an elevation angle of 0◦. This received power

corresponds to the OLOS path. Fig. 6.7(e) shows the geometry of the OLOS path. This

OLOS path is from the transmitter through the glass window of the brick compartment

and see-through glass of the door. The obstruction loss due to the glasses is given by

η = −10.86 dB from (6.13). From Fig. 6.15(a), there is also another strong reflection from

inside the building at around −70◦ azimuth and 0◦ elevation.

Fig. 6.15(b) shows the received power with the 0.30 × 0.30 m2 sheet reflector. We observe

a strong reflection from the reflector at 0◦ azimuth and 0◦ elevation angles. This is because

the center of the reflector is aligned to the boresight of the receiver antenna in azimuth

and elevation planes. In addition, we observe the received power from other sources as

observed previously for no reflector in Fig. 6.15(a). Similarly, we observe reflections from

the 0.61 × 0.61 2 and 0.84 × 0.84 m2 sheet reflectors at the same position as shown in

Fig. 6.15(c) and (d), respectively. The received power due to first order reflections from

these reflectors are large compared to the 0.30 × 0.30 m2 reflector. This is mainly because

of the orientation mismatch for the reflected plane waves towards the receiver from the

0.30× 0.30 m2 reflector (see Section 6.3.2).

Moreover, we observe secondary reflections at ±168◦ in the azimuth plane for 0.61×0.61 m2

and 0.84× 0.84 m2 reflectors shown in Fig. 6.15(c) and (d), respectively. This is because of

spreading of the incoming plane waves over a large surface area of these reflectors. Therefore,

the reflected plane waves are also larger. These large reflected plane waves create secondary

181



-110 -100 -90 -80 -70 -60 -50
Received power (dBm)

0

0.2

0.4

0.6

0.8

1

C
D

F

Meas. no reflector
Meas. .30mx.30m reflector
Meas. .61mx.61m reflector
Meas. .84mx.84m reflector

.61 m x .61 m
reflector

.84 m x .84 m
reflector

No reflector

.30 m x .30 m
reflector

Figure 6.16: CDF of total received power for 0.30 × 0.30 m2, 0.61 × 0.61 m2 and 0.84 × 0.84 m2 metallic
sheet reflectors.

.30 m x .30 m .61 m x .61 m .84 m x .84 m

-59

-58

-57

-56

-55

-54

-53

-52

-51

-50

R
ec

ei
ve

d 
po

w
er

 (
dB

m
)

Analytical
Measurement
Friis free space

Figure 6.17: Total outdoor received power at 0◦ azimuth and 0◦ elevation receiver angles. The results
are obtained for three sizes of flat square metallic reflectors. The analytical results are obtained from
Section 6.3.2.

reflections from surrounding objects. The secondary reflection at −168◦ is due to a car

parked parallel to the receiver on the left side. On the other hand, the reflection at 167◦ is

from the wall on the right side of the receiver. These secondary reflections are not observed

for 0.30×0.30 m2 reflector due to the smaller size of the reflected plane waves. The CDFs of

total received power captured at different angular positions for the outdoor measurements

in Fig. 6.15 are shown in Fig. 6.16. It can be observed that we have a maximum gain of
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around 11 dB for 0.61× 0.61 m2 and 0.84× 0.84 m2 reflectors compared to no reflector.

6.6.2 Analytical Received Power Results for Outdoor

The empirical and analytical received power results for outdoor due to flat reflectors of

different sizes are shown in Fig. 6.17. These results are obtained for 0◦ azimuth and elevation

angles of the receiver antenna. The gain of the transmit and receiver antennas are maximum

at this angular position. Moreover, we consider only first order reflections from reflectors at

this angular position from Section 6.3.2. Therefore, from (6.9), there is no decrease in the

received power due to the area of the reflectors as Arefl > Apw. In addition, the orientation

mismatch losses due to the transmitter, reflector and receiver positions given by α∆θ
f and

α∆φ
f are negligible.

The received power results from measurement and analytical model for the 0.30 × 0.30 m2

reflector are shown in Fig. 6.17. It is observed that we have lower received power compared

to the Friis free space received power. This is due to orientation mismatch of the reflected

plane waves towards the receiver from the small-sized reflector, given by β1−|n̂rp.n̂rx|2 in (6.9).

This orientation mismatch loss is approximately 3 dB. However, for the 0.61× 0.61 m2 and

0.84 × 0.84 m2 reflectors, we observe the received power from measurement and analytical

results approach the Friis free space power.
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Chapter 7

Multiple Ray Received Power

Modeling for mmWave Propagation

7.1 Introduction

There has been a significant increase in the number of smart communication devices and high

data rate applications supported by them in the recent decade. This trend is expected to grow

rapidly in the future [224]. However, the available bandwidth resources at sub-6 GHz are

limited. The spectrum at sub-6 GHz is already reaching to its limits in terms of spectrum

congestion. Therefore, research efforts have been underway to explore higher frequency

spectrum as an alternative for wireless communication systems. These higher frequency

spectrum are relatively unused and can offer large bandwidth. The opening of spectrum

at millimeter-wave (mmWave) frequencies by FCC [21] has given a boost to the current

research efforts. However, a major issue for propagation at mmWave frequencies is the

inherent high free space attenuation. Besides, the mmWave propagation through common

materials experiences significantly larger attenuation compared to smaller frequencies.
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Figure 7.1: Indoor corridor propagation setup at the basement of Engineering Building II, North Carolina
State University.

Various approaches have been proposed in the literature to overcome the attenuation at

mmWave frequencies [225]. A common method is to increase the gain or directivity of the

antennas [226, 227]. The high directivity is obtained either by using beamforming or using

highly directional antennas, e.g., horn antennas. In addition to antenna characteristics, the

geometry of the propagation environment and material characteristics of the objects in the

environment [228,229] also play an important role in determining the propagation statistics.

These propagation statistics can be modeled using rays [230–233]. However, the number of

rays sufficient to model the propagation statistics in a given environment differs.

In this work, we studied the propagation characteristics of mmWaves at 28 GHz in indoor

corridor shown in Fig. 7.1 and outdoor open area scenarios. The measurements were con-

ducted at North Carolina State University using PXI channel sounder platform and two sets

of directional horn antennas with gains 17 dBi and 23 dBi at 28 GHz. A dominant five-ray

and two-ray received power model based on first order reflections is proposed for indoor
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corridor and outdoor open area, respectively. The analytical results are found to be close to

measurement and ray tracing simulation results.

We did not consider higher number of rays (considering higher order reflections) as in [230–

232]. This is because most of the received power contribution comes from the line-of-

sight (LOS) and first order reflection components. Moreover, considering higher order re-

flections increases the complexity manifolds compared to contribution to the received power.

The consideration of higher order reflections can also lead to over-fitting to a given environ-

ment. Therefore, our modeling based on LOS and first order reflections provides a robust and

simple way to model received power in corridors and similar shaped indoor environments.

Similarly, for outdoor open area two-ray model is sufficient to model the received power.

There are many studies available in the literature on different number of rays for modeling a

given radio propagation environment. However, to the best of the knowledge of the authors,

there is no study available at 28 GHz that provides modeling with the first order reflections

based on increasing ray gains. Following are the contributions of this work:

• The end-to-end propagation is modeled as individual ray sources. For indoor corridor,

we modeled the end-to-end propagation using five dominant ray sources. One is the

LOS and four reflected rays from two walls, ceiling and ground. Each ray source has

an antenna gain. The antenna gain of the reflected rays is found to increase with the

link distance. This increase is due to close proximity to the antenna boresight. Due

to higher antenna gain of reflected rays and higher Fresnel reflection coefficient values

along the link, we observe increase in the received power compared to free space. For

outdoor open area, two-ray model is found to be sufficient to model the received power.

The analytical modeling results based on ray sources are compared with measurement

and ray tracing simulation results.

• The slope of the path loss is smaller than the free space for both indoor and outdoor.
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This is mainly due to contribution from the reflected rays. In particular, larger path

loss slope was observed for smaller beamwidth antennas and vice versa for indoor

corridor. The larger slope for smaller beamwidth antennas is mainly due to weaker

reflected rays compared to larger beamwidth antennas.

• A comparative analysis of the measurements with five-ray and two-ray analytical model

and ray tracing simulations with five rays is provided for indoor corridor. The compar-

ative analysis is carried out using z-test of the path loss model parameters. The z-test

values indicate that two-ray model do not provide a close match to the measurement

path loss for indoor corridor. On the other hand, five-ray model provides a close fit to

the measurement path loss.

7.2 Received Power Modeling Based on Dominant Rays

In this section, we will discuss antenna radiation pattern effects on propagation. Later

in the section, LOS received power modeling based on dominant LOS and reflected rays in

indoor corridor (five-ray model) are provided. Two-ray modeling as a special case of five-ray

model is used for outdoor open area.

7.2.1 Antenna Radiation Pattern and Propagation Effects

The antenna radiation pattern plays an important role in modeling the propagation charac-

teristics of directional mmWave links. In order to analyze and model the impact of antenna

radiation pattern on the propagation characteristics using ray modeling we consider two horn

antennas. These antennas have different gains and respective half power beamwidths in the

azimuth and elevation planes. We represent the 3D antenna gain as a surface area extended

on a sphere at a distance d with a given solid angle δ. The surface area A subtended by the
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Figure 7.2: Propagation of line-of-sight and ground reflected component from transmitter antenna towards
receiver antenna when their heights (ht and hr) are same.

antenna gain at a distance d from the source is A = d2δ, where the solid angle δ is given as:

δ =

ˆ 2π

φ=0

ˆ π

θ=0

Prad(d, θ, φ)

Pmax

dδ, dδ = sin θdθdφ, (7.1)

where Prad(d, θ, φ) is the radiated power from the antenna in spherical coordinates at el-

evation and azimuth angles of θ and φ, respectively, and Pmax is the maximum radiated

power.

The propagation from the transmitting antenna is modeled as a spherical wavefront. If

∆θ and ∆φ represent the antenna half power beamwidths in the elevation and azimuth

planes, respectively, then, majority of the radiated power is concentrated over the area of the

wavefronts extended by ∆θ and ∆φ. Moreover, if ∆θ and ∆φ are small, we can approximate

the area extended by ∆θ and ∆φ in space as, Ahpa = d2
f ∆θ∆φ at a fixed distance df at the

far field. The, rays lying in this region will have significantly higher gain compared to the

rays lying outside this area.

7.2.2 Ray Resolution Along the Link Distance

Our channel sounder setup can resolve any two rays at a spatial distance represented as

dres = 0.585 m. Consider the case of two-ray modeling for given height of the transmitter
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Figure 7.3: Difference of ray lengths with the LOS, plotted as a function of link distance.

and receiver represented as ht and hr, respectively, shown in Fig. 7.2. When the link distance

d between the transmitter and receiver is increased such that the difference between the two

rays is smaller than dres, the two rays cannot be resolved. From Fig. 7.2, this distance can

be represented as: √
(ht + hr)2 + d2

0 − d0 < dres. (7.2)

Similarly, for the indoor corridor, the rays reflected from the ground, ceiling and walls are

resolvable to a given link distance. Fig. 7.3 shows the difference of propagation length of

the rays reflected from ground, ceiling and walls with the LOS ray. In Fig. 7.3, the reflected

rays are considered to be independent of each other. From Fig. 7.3, the ray from the ceiling

is the first to get unresolved at 3.1 m compared to ground reflected ray that gets unresolved

at 7 m. The rays from the two walls are not resolvable after 5 m. This indicates that the

length of the reflected ray from ceiling is the smallest compared to the length of the ray from

the ground that is the largest.
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Figure 7.4: Layout of the indoor corridor propagation environment.

7.2.3 Received Power Modeling for Indoor Corridor

If S(n) represents the transmitted signal, and H(n) is the impulse response of the channel,

then the received signal is given by R(n) = S(n) ~ H(n), where ~ is the convolution op-

eration. The received signal consists of multiple paths or reflected rays dependent on the

channel impulse response (CIR) represented as H(n). As the transmitted signal S(n) is

known at the receiver, therefore, the received signal can be deconvolved to obtain the CIR.

In this work, we considered the CIR in indoor corridor (similar to rectangular waveguide)

and outdoor open area. The height of the transmitter and receiver were same. The indoor

corridor propagation layout is shown in Fig. 7.4. For corridor propagation, there are five

dominant ray sources at any given distance from the transmitter towards the receiver. One

is the LOS and the four others are the reflected rays from the ground, ceiling and walls. The

strength of the reflected rays are dependent mainly on the antenna radiation pattern.

As the distance of the receiver increases from the transmitter moving in a straight line,

the gain of the reflected rays increase. This is due to closer proximity to the antenna’s

boresight in the elevation plane for ground and ceiling reflected rays. Similarly for rays

reflected from the two side walls, the antenna gain increases in the azimuth plane shifting

towards the boresight as the distance from the transmitter increases. The overall effect is

larger contribution of these reflected rays to the received power as the distance from the
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transmitter increases.

The contribution of the reflected rays to the overall received power is also dependent on

the Fresnel reflection coefficient. However, the higher order reflected rays have significantly

smaller contribution towards the received power compared to these first order reflections.

Therefore, in our model, we can safely ignore their contributions. Let R0 represent the

received LOS component given as:

R0(n) =

[
λ

4πd0

√
GT(θ(TX), φ(TX))GR(θ(RX), φ(RX))

S(n− τ0) exp

(
−j2πd0

λ

)∣∣∣ρρρ(TX)
0 · ρρρ(RX)

0

∣∣∣], (7.3)

where GT(θ(TX), φ(TX)) is the gain of the antenna for transmitter at elevation and azimuth

angles of of θ(TX) and φ(TX), respectively. Similarly, GR(θ(RX), φ(RX)) is the gain of the

antenna for the receiver at elevation and azimuth angles of θ(RX) and φ(RX), respectively,

τ0 represents the delay of the LOS component given by, τ0 = d0

c
, where c is the speed of

the light and d0 is the distance of the LOS component, exp
(−j2πd0

λ

)
represents the phase of

the LOS component, ρρρ(TX) · ρρρ(RX) represents the dot product between the two unit vectors,

representing the polarization of the electric field at the transmitter and receiver, respectively.

The gain of the antenna for the LOS ray in the azimuth and elevation planes at the trans-

mitter and receiver is given as follows [234]:

√
GT

(
θ(TX), φ(TX)

)
GR

(
θ(RX), φ(RX)

)
= g(TX,θ)

(
θ(TX), φ(TX)

)
g(RX,θ)

(
θ(RX), φ(RX)

)
+ g(TX,φ)

(
θ(TX), φ(TX)

)
g(RX,φ)

(
θ(RX), φ(RX)

)
, (7.4)

where g(TX,θ)
(
θ(TX), φ(TX)

)
and g(TX,φ)

(
θ(TX), φ(TX)

)
represents the direction of departure (DoD)

in the elevation and azimuth planes, respectively. Similarly, the direction of arrival (DoA)
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in the elevation and azimuth planes, respectively, is given as g(RX,θ)
(
θ(RX), φ(RX)

)
and

g(RX,φ)
(
θ(RX), φ(RX)

)
. Moreover, we can write g(θ)(θ, φ) as follows:

g(θ)(θ, φ) =
√
|Gθ(θ, φ)| exp(jϕθ) (7.5)

where Gθ is the antenna gain for the θ component and ϕθ is the relative phase of the θ

component.

If both the transmitter and receiver are aligned in the boresight, then, the product√
GT

(
θ(TX), φ(TX)

)
GR

(
θ(RX), φ(RX)

)
= Gmax, where Gmax is the maximum gain of the an-

tenna. Similar to the LOS component, the four reflected received rays for i = 1, 2, 3, 4 can

be represented as:

Ri(n) =

[
λΓi(Ψi)

4πdi

√
GT

(
Ψ

(Az)
i ,Ψ

(El)
i

)
GR

(
Ψ

(Az)
i ,Ψ

(El)
i

)
S(n− τi) exp

(
−j2πdi
λ

)∣∣∣ρρρ(TX)
i · ρρρ(RX)

i

∣∣∣], (7.6)

where Γi(Ψi) is the reflection coefficient at grazing angle Ψi shown in Fig. 7.2 for i = 1.

Moreover, the overall antenna gain at the transmitter and receiver for the ith reflected ray at

a given grazing angle Ψi is given as
√
GT

(
Ψ

(Az)
i ,Ψ

(El)
i

)
GR

(
Ψ

(Az)
i ,Ψ

(El)
i

)
at respective elevation

and azimuth angles Ψ
(El)
i ,Ψ

(Az)
i of the grazing ray.

The reflection coefficient Γi(Ψi) also called Fresnel reflection coefficient for relative permit-

tivity of the ground material εr is given as:

Γi(Ψi) =
sin Ψi − Y
sin Ψi + Y

, (7.7)

where the value of Y for vertical and horizontal polarization, represented as Yv and Yh,
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respectively, is given as follows:

Yv =

√
εr − cos2 Ψi

εr
, Yh =

√
εr − cos2 Ψi (7.8)

From Section 7.2.1 and Fig. 7.2, when the LOS distance between the transmitter and receiver

is d0 = 2ht

tan ∆θ
, then there is significant contribution by the reflected ray to the coherent

received power. This reflected ray falls in the region Ahpa. Similarly, if W is the width of

the corridor, then, when d0 = 2W
tan ∆φ

, the ray enters the significant gain region Ahpa in the

azimuth plane. Moreover, if the distance d0 → ∞, Ψ → 0 and the gain of the reflected ray

approaches to the LOS component gain and the Fresnel reflection coefficient, Γ→ −1.

If E represents the average over time, and PR represents the total received power, then PR

is the coherent addition of the LOS and the reflected rays for i = 0, 1, 2, 3, 4 given as:

PR(di) = E

[∣∣∣∣R0(n) +
4∑
i=1

Ri(n)

∣∣∣∣2]. (7.9)

For part of the link distance, where the rays can be resolved based on their mutual dis-

tances (see Section 7.2.2), we can write (7.9) as follows:

PR(di) = E
[∣∣R0(n)

∣∣2]+
4∑
i=1

E
[∣∣Ri(n)

∣∣2]. (7.10)

From (7.3), (7.6), if S(n) ≈ S(n − τ0) ≈ S(n − τi), and PT = E
[
|S(n)|2

]
, where PT is the

transmitted power. Moreover, for the LOS component, the XPD is negligible for vertical-

vertical (VV) and horizontal-horizontal (HH) antenna orientations. Similarly, for the re-

flected rays, the diffuse scattering is small due to smooth reflecting surfaces leading to small

XPD. Therefore, the dot product of the polarization vectors |ρρρ(TX)
i ·ρρρ(RX)

i

∣∣∣ can be taken as 1

for the LOS and reflected rays. Therefore, the total received power from (7.9) can be written

as follows:
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PR(di) =PT

(
λ

4π

)2
∣∣∣∣∣
√
GT(θ(TX), φ(TX))GR(θ(RX), φ(RX))

d0

+

4∑
i=1

Γi(Ψi)

√
GT

(
Ψ

(Az)
i ,Ψ

(El)
i

)
GR

(
Ψ

(Az)
i ,Ψ

(El)
i

)
exp(−j∆Ωi)

di

∣∣∣∣∣
2

, (7.11)

where ∆Ωi = 2π(di−d0)
λ

for i = 1, 2, 3, 4. Additionally, if the heights of the antennas are not

same and not aligned to the boresight, we have additional attenuation due to smaller antenna

gain. This attenuation will decrease with the increase in distance between the transmitter

and receiver.

Considering ith individual reflected ray at a given link distance, we can write the received

power as follows:

PR(di) =PT

(
λ

4πdi

)2

Γ2
i (Ψi)GT

(
Ψ

(Az)
i ,Ψ

(El)
i

)
GR

(
Ψ

(Az)
i ,Ψ

(El)
i

)
. (7.12)

From (7.12), it can be observed that the received power of the ith reflected ray approaches

to the LOS ray at distance di when, 1) the antenna gains at the transmitter and receiver

side are equal to the boresight antenna gains, 2) the reflection coefficient is 1. For perfect

conductor, the reflection coefficient is equal to 1.

7.2.4 Received Power Modeling for Outdoor Open Area

The two-ray model can be considered as a special case of the five-ray model. In case of

outdoor open area with significant heights of the transmitter and receiver above the ground,

the two-ray model is used for received power modeling. The effect of other rays from far off

scatterers is small for the open area and is ignored. In the two-ray modeling, the received
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power is dependent on the LOS and ground reflected component (GRC). Therefore, the total

received power is given as follows:

PR(d0, d1) =PT

(
λ

4π

)2
∣∣∣∣∣
√
GT(θ(TX), φ(TX))GR(θ(RX), φ(RX))

d0

+ Γ1(Ψ1)

√
GT

(
Ψ

(Az)
1 ,Ψ

(El)
1

)
GR

(
Ψ

(Az)
1 ,Ψ

(El)
1

)
exp(−j∆Ω)

d1

∣∣∣∣∣
2

, (7.13)

where ∆Ω = 2π(d1−d0)
λ

is the phase difference between the LOS and the GRC.

7.2.5 Polarization Effects on the Received Power

The polarization of electric field emanating from the antenna is important to consider as the

reflections from the dielectric surfaces e.g. ground, ceiling and walls depend on the polar-

ization type (7.8). There are two co-polarized configurations based on antenna orientation

used in the measurements, namely VV and HH. The difference in VV and HH antenna orien-

tations is dependent on the antenna radiation pattern in the azimuth and elevation planes.

However, as the half power beamwidths in the azimuth and elevation planes are same for

two types of horn antennas used, therefore, no significant difference in the antenna radiation

pattern due to antenna orientation.

Cross-polarization of vertical-horizontal (VH) is also introduced to study the cross polar-

ization discrimination (XPD) factor in the indoor corridor. Considering the channel as

stationary, we can obtain the XPD factor between the transmitter and receiver as follows:

ρ = E

(
P

(VV)
R (d)

P
(VH)
R (d)

)
or ρ = E

(
P

(HH)
R (d)

P
(VH)
R (d)

)
, (7.14)

where P
(VV)
R , P

(VH)
R and P

(HH)
R are the received powers for VV and VH, and HH antenna
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orientations, respectively, and E is the expectation. A major advantage of XPD factor

is that it helps to study the interaction of the antennas of different beamwidths with the

surroundings when cross-polarized.

7.2.6 Path Loss Modeling

The path loss is obtained from the received power measured at different distances from the

transmitter. The path loss represented as L(d) [dB] is obtained as:

L(d) [dB] = 10 log10

(
PT

PR(d)

)
. (7.15)

An alpha-beta model is used for the path loss modeling [235] given as:

L(d) [dB] = β + 10α log10(d) + X, (7.16)

where β is the y-intercept in dB, α is the slope and X is a random variable and X ∼ N (0, σ2),

where σ2 expressed in dB is the variance of X. A least square regression is used to fit a

regression line (best fit) to the data

7.3 Experimental and Ray Tracing Simulations Setup

In this section, indoor, outdoor experimental setup and ray tracing simulation setup is

discussed.
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7.3.1 Indoor and Outdoor Measurement Setup

Indoor corridor measurements were carried out at the basement of the Engineering Building

II, North Carolina State University, shown in Fig. 7.1. The walls in the corridor were

3 layered dry wall, the ceiling was Armstrong ceiling and the ground was concrete grinded

surface. The measurements were carried out using NI mmWave transceiver system operating

at 28 GHz. The description of the NI mmWave transceiver system is provided in [216]. Two

horn antennas with gains 17 dBi and 23 dBi were used in the measurements. The half power

beamwidths of 17 dBi antenna were 26◦ and 24◦ in the E and H planes, respectively. The

half power beamwidths for the 23 dBi antenna in the E and H planes were 9.6◦ and 11◦,

respectively.

The height of the transmitter and receiver from the ground was 1.44 m, whereas, the distance

of the transmitter and receiver from the ceiling was 0.9 m. The distance of either of the walls

from the transmitter and receiver was 1.24 m. The transmitter was kept at a fixed position,

whereas the receiver was moved in a straight line away from the transmitter at fixed steps

of 0.3 m starting at 1.9 m to 39.7 m. A laser alignment is used between the the transmitter

and the receiver at every step.

The outdoor measurements were carried out at the top floor of a parking building at North

Carolina State University. The measurement area was open with small walls at the far end.

The ground surface was concrete. Similar to indoor corridor measurements, the transmitter

was kept at a fixed place, whereas the receiver was moved in steps of 5 m starting at 4.6 m

to 100 m. The height of the transmitter and receiver above the ground was 1.09 m. For both

indoor and outdoor measurements, the transmit power was kept at 0 dBm.
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Ground
WallsDoors

Figure 7.5: Indoor corridor scenario created in Wireless InSite for ray tracing simulations.

7.3.2 Ray Tracing and Analytical Simulation Setup

Ray tracing simulations were carried out using Wireless InSite software in the similar envi-

ronment shown in Fig. 7.5. The indoor corridor and the outdoor open area were modeled

similar to the real environment. The relative permittivity (7.8) of the concrete floor at

28 GHz was 5.31, 3 for the Armstrong ceiling and 2.94 for the dry walls. The horn antennas

had the similar antenna radiation pattern as obtained from the antenna’s data sheet shown

in Fig. 7.6.

The analytical simulations for five-ray and two-ray models from Section 7.2 were conducted

based on the geometry of the measurement setup. The reflection coefficient of the materials

were obtained from [236] at 28 GHz, same as used in the ray tracing simulations. Similarly,

the antenna gain of the rays at different azimuth and elevation angles were obtained from

the antenna data sheets shown in Fig. 7.6.
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Figure 7.6: Antenna radiation pattern in the azimuth and elevation planes for (a) 17 dBi horn antenna, (b)
23 dBi horn antenna.
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7.4 Analysis of Received Power and Path Loss Results

In this section, analysis and comparison of the empirical received power and path loss results

with analytical modeling and ray tracing simulations is provided.

7.4.1 Analysis of Received Power Results for 17 dBi Antenna

The received power measurement and analytical modeling results for five-ray and two-ray

for 17 dBi antenna gain and VV antenna orientation are shown in Fig. 7.7(a). The single

ray (free space) received power results are also provided for comparison. From Fig. 7.7(a),

the received power is the same as the free space till 6 m. This is because the antenna gain of

the reflected rays are small due to large Ψ angle. Therefore, their contribution to the total

received power is small. However, as the link distance increases, the gain of the reflected

rays increases and their contribution to the overall received power also increases shown in

Fig. 7.8(a). This results in peaks and dips of the received power at different link distances

due to coherence addition of the rays (see Section 7.2.3).

Comparing the received power results of five-ray and two-ray analytical models with the

measurements in Fig. 7.7(a), it can be observed that five-ray model closely follows the mea-

surement results compared to two-ray model. For the two-ray model, the mean is close to

the free space. However, the contribution of additional rays results in higher received power

peaks and valleys for five-ray. A ray model above five is not introduced here, because it

will introduce higher complexity and more dependence on the surrounding environment. A

fitting comparison of the five-ray and two-ray models with the measurements is provided in

Section 7.5.

Overall, the difference between the measurement and analytical results are mainly due to:

1) considering only first order reflections, 2) additional scatterers and reflectors in the real

200



5 10 15 20 25 30 35 40
Distance (m)

-80

-70

-60

-50

-40

-30

R
ec

ei
ve

d 
po

w
er

 (
dB

m
)

Free space
Measurements
Analytical five ray
Analytical two ray

(a)

5 10 15 20 25 30 35 40
Distance (m)

-80

-70

-60

-50

-40

-30

R
ec

ei
ve

d 
po

w
er

 (
dB

m
)

Free space
Measurements
Ray tracing five ray

(b)

Figure 7.7: Received power results for 17 dBi antenna and VV antenna orientation for indoor corridor plotted
against link distance for (a) free space, measurement, five-ray and two-ray analytical model, (b) free space,
measurement and ray tracing simulations.

environment e.g. measuring equipment, metallic doors and ceiling metal holders. These are

not considered in analytical modeling, and 3) cross polarization of reflected components in
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Figure 7.8: Gain of rays plotted against the link distance and VV antenna orientation for (a) 17 dBi horn
antenna, (b) 23 dBi horn antenna.
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Figure 7.9: Received power results for 17 dBi antenna and HH antenna orientation for indoor corridor plotted
against link distance for (a) free space, measurement, five-ray and two-ray analytical model, (b) free space,
measurement and ray tracing simulations.

real world (assumed to be negligible (ρ(TX) · ρ(RX) = 1) for analytical modeling).

The measurement and ray tracing results for five-ray are shown in Fig. 7.7(b). The two-ray
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Figure 7.10: Fresnel reflection coefficient of different materials for vertical and horizontal polarization plotted
against the grazing angle for (a) indoor corridor scenario, (b) outdoor open area scenario.
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Figure 7.11: Received power results for 23 dBi antenna and VV antenna orientation for indoor corridor
plotted against the link distance for (a) free space, measurement, five-ray and two-ray analytical model, (b)
free space, measurement and ray tracing simulations.

results are similar to as obtained for the analytical, therefore, not shown. Similar to analyti-

cal five-ray model, we have close fit to the measurements in Fig. 7.7(b). The difference in the
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Figure 7.12: Received power results for 23 dBi antenna and HH antenna orientation for indoor corridor
plotted against the link distance for (a) free space, measurement, five-ray and two-ray analytical model, (b)
free space, measurement and ray tracing simulations.

measurement and ray tracing results are due to similar reasons as observed for analytical.

Although, the ray tracing environment was made close to real world measurement environ-
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ment e.g. by introducing metallic doors and other physical shapes in the corridor. However,

the properties of materials, exact shape finishing and diffuse scattering of real world objects

cannot be exactly imitated.

The received power results from measurements, five-ray and two-ray analytical modeling

for 17 dBi antenna and HH antenna orientation are shown in Fig. 7.9(a). Similarly, the

measurement and ray tracing results are shown in Fig. 7.9(b). Comparing Fig. 7.7 and

Fig. 7.9, it can be observed that there are no significant changes for VV compared to HH.

This is due to symmetrical beamwidths in the azimuth and elevation planes. The only

difference observed are due to Fresnel reflection coefficients for different materials shown in

Fig. 7.10(a) for indoor analytical modeling.

7.4.2 Analysis of Received Power Results for 23 dBi Antenna

The received power measurement and analytical five-ray and two-ray model results for 23 dBi

gain antennas and VV antenna orientation are shown in Fig. 7.11(a). It can be observed

that the received power closely follows the free space for a distance of 10 m. This distance is

larger compared to as observed for the 17 dBi antennas. This is mainly due to small antenna

gain of reflected rays for 23 dBi at small link distance shown in Fig. 7.8. The reflected rays

have to travel larger link distance compared to 17 dBi antenna to approach the half power

antenna gain region Ahpa (from Section7.2.1). Moreover, we have larger fluctuations of the

antenna gain at smaller link distances compared to 17 dBi antenna because of the antenna

pattern in the elevation plane shown in Fig. 7.8.

From Fig. 7.11(a), it can be observed that analytical five-ray model provides a closer match

for 23 dBi antenna compared to 17 dBi. This can be attributed to limited effects of the

surroundings on the propagation due to small beamwidth. Similar to 17 dBi antenna, the

two-ray model does not provide close fitting to the measurement results. The ray tracing
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Figure 7.13: Received power for open area outdoor plotted against the link distance for free space, measure-
ment, analytical and ray tracing simulation results based on two-ray model for VV antenna orientation.

results for five-ray and 23 dBi antenna with VV antenna orientation are shown in Fig. 7.11(b).

The ray tracing and measurement results are also close to each other. The measurement,

analytical five-ray, two-ray and ray tracing received power results for HH antenna orientation

are provided in Fig. 7.12. For HH antenna orientation, we observe similar results as for VV

antenna orientation.

7.4.3 Analysis of Received Power Results for Outdoor Open Area

The received power results for outdoor open area are shown in Fig. 7.13 for 17 dBi antenna

and VV orientation. The reflection coefficient used for the analytical results is shown in

Fig. 7.10(b). It can be observed that the received power fluctuates around the free space. In

addition, the received power has limited contribution from the reflected rays and mainly the

GRC is the dominant reflected ray. The analytical and ray tracing simulation results also

follow the measurement results.
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Table 7.1: XPD Factor for 17 dBi and 23 dBi Antenna Gains and for VV and HH Antenna Orientations.

Param. 17 dBi, VV 17 dBi, HH 23 dBi, VV 23 dBi, HH

ρ 22.6 22.1 29.3 29.1

7.4.4 Cross Polarization Discrimination Results

The XPD factor (see Section 7.2.5) results are shown in Table 7.1. The majority of the cross

polarization components for the VH antenna orientation arise due to reflections from the

surroundings. As the reflections for 17 dBi are larger compared to 23 dBi in the corridor,

therefore, we observe smaller XPD factor for 17 dBi compared to 23 dBi gain antenna.

Moreover, there is no significant change in the XPD factor from VV to HH for both antennas.

Table 7.2: Path loss fitting parameters for indoor corridor and different antenna gains and respective orien-
tations for measurement, analytical (five and two rays) and ray tracing simulations (five-ray).

17 dBi, VV 17 dBi, HH 23 dBi, VV 23 dBi, HH
Param. Meas. Analyt.

five-
ray

Analyt.
two-
ray

RT.
sim.
five-
ray

Meas. Analyt.
five-
ray

Analyt.
two-
ray

RT.
sim.
five-
ray

Meas. Analyt.
five-
ray

Analyt.
two-
ray

RT.
sim.
five-
ray

Meas. Analyt.
five-
ray

Analyt.
two-
ray

RT.
sim.
five-
ray

α -1.26 -1.46 -2.07 -1.64 -1.32 -1.45 -2.01 -1.4 -1.64 -1.7 -2.02 -1.86 -1.71 -1.62 -2.01 -1.8

β -42.64 -42 -37.32 -40 -42.4 -41.4 -37.5 -42.3 -28.7 -28.2 -25.2 -26.7 -28 -28.7 -25.3 -27

σ (dB) 3.4 4.8 2.89 4.5 3.4 4.7 4.06 5.3 3.3 3.5 1.62 4.1 3.2 3.8 2.15 4.3

7.5 Path Loss Modeling Results and Comparison of

Five-Ray and Two-Ray Models

In this section, path loss model results (discussed in Section 7.2.6) obtained through measure-

ments, five-ray and two-ray analytical modeling and ray tracing simulations are discussed.

Moreover, a comparison of the five-ray and two-ray models is provided based on the path

loss model parameters.

209



7.5.1 Path Loss Modeling Results Analysis

The path loss model parameters (from Section 7.2.6) for indoor corridor are shown in Ta-

ble 7.2. The slope of the path loss α is smaller compared to the free space for both 17 dBi

and 23 dBi gain antennas for measurements and five-ray. However, the slope is similar to

the free space for the two-ray model. This is because the mean is close to the free space for

two-ray model.

From Table 7.2, the path loss slope α is smaller for the 17 dBi antenna compared to 23 dBi

antenna. This is mainly due to significant contribution of the reflected rays from the sur-

roundings due to larger beamwidth. For the 23 dBi gain antenna, the slope α is larger than

17 dBi antenna, however, still smaller than the free space (single ray). This indicates the

contribution of additional reflected rays to the overall received power, with small antenna

beamwidth also.

For outdoor open area, the path loss parameters are α = −1.87, − 2.11, − 1.75, β =

−30.5, −25.94, −31.46, and σ = 2.4, 3.2, 5.2 for measurements, analytical and ray tracing

simulations, respectively. The slope α is close to the free space. However, similar to indoor

corridor, due to contribution of reflected rays mainly the GRC, the slope is slightly less than

the free space for measurements and ray tracing simulations.

Table 7.3: z values obtained from (7.17) for slope of the path loss linear fittings.

Scenario z value for anyalyt-
ical two-ray

z value for anyalyt-
ical five-ray

z value for ray trac-
ing five-ray

17 dBi, VV 6.07 1.23 2.42

17 dBi, HH 4.69 0.836 0.45

23 dBi, VV 3.64 0.243 1.46

23 dBi, HH 2.82 -0.614 0.643
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Table 7.4: z values obtained for y-intercept of the path loss linear fittings.

Scenario z value for anyalyt-
ical two-ray

z value for anyalyt-
ical five-ray

z value for ray trac-
ing five-ray

17 dBi, VV -3.35 -0.34 -1.42

17 dBi, HH -2.61 -0.5 -0.6

23 dBi, VV -2.64 -0.278 -1.06

23 dBi, HH -2.03 0.323 -0.543

7.5.2 Comparison of Five-Ray and Two-Ray Models

The two-ray and five-ray models can be compared with the measurements based on the path

loss parameters shown in Table 7.2. It can be observed that we have close linear fitting

coefficient values (both slope and y-intercept) for five-ray with measurements compared

to two-ray. The reason for better fitting for five-ray compared to two-ray is because the

contribution from additional rays is considered. Moreover, the five-ray fitting is closer for

23 dBi antenna compared to 17 dBi antenna. The five-ray model provides better fitting for

23 dBi compared to 17 dBi because we have less contributions from rays above five.

We conducted a z-test (as the sample values are >30). The null hypothesis is that the slopes

and intercepts are same for measurements, and analytical modeling or ray tracing data. If

α(meas), α(anyl) represents the coefficients of slope obtained by linear fitting for measurements

and analytical data and ζ(αdiff) represents the difference of standard error of the slope fitting,

then the z value is obtained as follows:

z =
α(meas) − α(anyl)

ζ(αdiff)
, ζ(αdiff) =

√(
ζ(meas)

)2
+
(
ζ(anyl)

)2
, (7.17)

where ζ(meas) and ζ(anyl) are the standard errors of the linear fitted slopes obtained from

measurements and analytical modeling data. Similarly, for ray tracing, we have α(RT) and

ζ(RT). Similar expression can be obtained for the y-intercept values.

The z-test values for slope and y-intercept of the linear fittings for analytical and ray tracing
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compared to the measurements are shown in Table 7.3 and Table 7.4, respectively. It can be

observed that we have values of the z-test, 1.96 < z < −1.96 for the analytical two-ray model

for both slope and y-intercept. This indicates that the null hypothesis (the slope or intercept

of measurements is same as the analytical or ray tracing) can be rejected in this case. On

the other hand, for the analytical five-ray model, the value of the z-test is within the bound

[-1.96 1.96] of 95% confidence interval for both slope and y-intercept. This indicates that

we have higher chances of the null hypothesis being true. In other words, we can conclude

that five-ray analytical model provides a better fit to the measurement results compared

to two-ray model. Similarly, for ray tracing simulations with five rays, we also have z-test

values within the bounds of the 95% confidence interval except for the slope fitting of the

17 dBi antenna and VV antenna orientation.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions and Future Research Directions

The salient contributions and concluding remarks of different research tasks explained earlier

are provided as follows:

For the UWB propagation through hurricane study, we conducted UWB propagation channel

measurements in different hurricane conditions. To our knowledge, the UWB propagation

through hurricane is not available in the literature. The effects of wind velocity and WDR

at different pressure head regions are monitored in LOS and NLOS communication paths

for Category-1 to Category-4 hurricane conditions. On the basis of the measurements, an

UWB channel model for hurricanes is developed. It is observed that UWB communications

under different wind velocities, pressure heads, and WDR for LOS and NLOS paths in a

hurricane introduce different effects on the channel model parameters (large-scale, small-

scale, and MPC propagation). The proposed model can help in the improved design of

communications systems in hurricane conditions with heavy winds and WDR. Our future

work includes developing channel models with WDR for millimetre-wave communications,
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where more severe attenuation is expected to occur due to rain. Moreover, we plan to study

the impact of rain intensity, particle/debris, and foliage motion under high wind speed on

the propagation channel characteristics.

We have provided a comprehensive survey for AG propagation channels for UAVs. The

measurement campaigns in the literature for AG propagation were summarized, with infor-

mation provided on the type of channel sounding signal, its center frequency, bandwidth,

transmit power, UAV speed, height of UAV and GS, link distance, elevation angle, and lo-

cal GS environment characteristics. Air-ground channel statistics from the literature were

also provided. Various UAV propagation scenarios and important implementation factors

for these measurements were also discussed. Large scale fading, small scale fading, MIMO

channel characteristics and models, and channel simulations were all described. Finally, fu-

ture research directions and challenges were discussed. We expect that more elaborate and

accurate AG propagation measurement campaigns and channel models will be developed in

the future, and we hope this study will be of use in that regard.

For the UWB AG propagation channel work, we have reported UWB channel measurements

in an open field using a small UAV in three propagation scenarios: unobstructed UAV

hovering, foliage obstruction, and unobstructed UAV moving in a constant-altitude circle.

Measurements were obtained at three UAV heights and two horizontal distances for two

different antenna orientations at the UAV TX. We observed that the received power is

highly dependent on the antenna gain of the LOS component in the elevation plane when

the antennas are aligned (same orientation). The antenna gain for the LOS component can

be approximated by a sine function of the elevation angle. This antenna gain was used in an

analytical model for the path loss for unobstructed UAV hovering and moving scenarios. In

addition, empirical path loss results for unobstructed UAV hovering scenario are corroborated

using ray tracing simulations. Moreover, it was found that the antenna orientation mismatch

results in higher path loss and a larger number of MPCs, smaller K-factor, and larger RMS-
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DS than in the co-polarized case. The OLOS scenario due to foliage between the TX and

the RX, while the UAV is hovering, introduces additional attenuation, and additional MPCs

due to foliage, resulting in further reduction in the K-factor. The motion of the UAV in

a circular path provided better mitigation against antenna orientation mismatch than the

unobstructed UAV hovering scenario. A statistical channel model based upon the SV model

was derived from the empirical results. The SV model was found to provide a better fit for

the PDP than a single exponential fit. Future work includes channel characterization for

suburban and urban areas and air-to-air propagation channel measurements and modeling.

In the mmWave AG propagation channel work, we provide ray tracing simulations for dif-

ferent AG propagation scenarios in different terrains of dense-urban, suburban, rural and

over sea. It is observed that the two ray propagation model can be applicable (with some

limitations) for urban, suburban, rural, and over sea scenarios. The presence of scatterers

affect the RSS especially in case of urban scenario. The fluctuation rate of the RSS with

respect to distance at 60 GHz is higher when compared with 28 GHz. The RMS-DS behavior

is highly dependent on the height of the UAV as well as the density/height of the scatters

around the UAV. For the suburban and rural scenarios, we observe a lower RMS-DS when the

UAV height increases, due to less significant effect of the scatterers at higher UAV heights.

Moreover, small scale and spatial characteristics of AG mmWave channels for different prop-

agation environments are provided. It is observed that the MPCs reaching the receiver along

the UAV trajectory can be divided into persistent and nonpersistent MPCs. The character-

istics of the persistent components will be dependent on the geometry of the setup and will

not vary significantly along the UAV trajectory whereas the non-persistent components will

be dependent mainly on the properties of the scatterers and follow a birth/death process

along the trajectory of the UAV. Additionally, the mmWave AG channel characteristics are

dependent on the relative height of the scatterers with respect to the UAV height.

We conducted channel measurements at 28 GHz in NLOS indoor and outdoor scenarios.
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Metallic sheet reflectors of different shapes and sizes were used to enhance the received

power, yielding a better signal coverage in the NLOS region. The reflected power from

a metallic reflector was taken as a secondary source of transmission that can be further

extended to other reflectors. This helps to provide coverage in any kind of NLOS scenario.

Moreover, there is a minimum size of flat reflector required comparable to the size of the

plane waves. This ensures the maximum received power approach to the Friis free space

power. It was observed that the received power at a given point for flat reflectors is more

sensitive to the orientation of the reflector compared to the size of the reflector. For the

cylinder and sphere reflectors, we observed divergence of the received power according to

their sizes and shapes. The measurement results were compared with RT simulations and

analytical results, which are observed to provide a close agreement. Ray tracing simulations

at different center frequencies indicated a similar trend of reflected received power for flat

sheet reflectors.

For the research work based on dominant ray modeling, we carried out channel measurements

at 28 GHz in indoor corridor and outdoor open area. Two horn antennas with 17 dBi and

23 dBi gains were used. A robust and simple five ray analytical propagation model for

received power in indoor corridor is proposed. The analytical modeling takes into account

the increase in the antenna gain of the reflected rays with link distance. Therefore, resulting

in larger coherent received power as the link distance increases. Moreover, the five ray model

is found to closely fit with the measurement results for indoor corridor. The fitting is better

for 23 dBi compared to 17 dBi due to selective interaction with the surrounding environment.

Similarly, for the outdoor open area, a two ray model (a special case of five ray model) is

found to provide a better fit to the measurement results. The path loss slopes for both indoor

corridor and outdoor scenarios were smaller than the free space due to coherent addition of

the reflected rays. Our future work includes measurements and modeling in the presence of

human obstruction and complex geometries (e.g. circular tunnels).
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