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ABSTRACT

WIRELESS CHANNEL MODELING IN THE TVWS
BAND BASED ON MEASUREMENTS

Muhammad Hashir Syed

M.S. in Electrical, Electronics Engineering and Cyber Systems

Advisor: Assist. Prof. Dr. Tunçer Baykaş

December, 2018

In this thesis, we study TV white space (TVWS) bands, which can be used

in next generation networks, in indoor-indoor and indoor-outdoor environments.

Path loss measurements are taken at the beginning, middle, and at the end of

TVWS band. In addition, ray tracing simulation results are obtained in air-

ground TVWS channel environment.

Indoor-indoor measurement results are compared with different indoor propa-

gation models in the literature and a new indoor propagation model for TVWS

frequencies is proposed, which concatenates the effects of frequency dependent

path loss with penetration losses due to floors, walls, and windows. Performance

comparison with existing models show that the proposed model achieves superior

performance in terms of standard deviation of estimation error (STD).

Similarly, for indoor-outdoor environment, measurements results are fitted to

log normal shadowing model. An important observation is that the standard

deviation of the shadowing coefficient varies greatly at short and long distances. A

distance threshold is determined to differentiate between different short distance

and long distance shadowing zones. The results indicate that the shadowing

standard deviation is reduced at all transmission frequencies distance zones.

For air-ground channels, ray tracing simulations are performed. Channel pa-

rameters are calculated using log normal shadowing model in two different types of

scenarios (high rise buildings and sub-urban). It is found that high rise buildings

scenario has high shadowing and high path loss coefficient compared to sub-urban

which has low shadowing and low path loss coefficient.

Keywords: TV white space, Propagation, Channel Models.
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ÖZET

TVBB BANTLARINDA ÖLÇÜME DAYALI KABLOSUZ
KANAL MODELLERİNİN ÇIKARIMI

Muhammad Hashir Syed

Elektrik-Elektronik Mühendisliği ve Siber Sistemler, Yüksek Lisans

Tez Danışmanı: Dr. Öğr. Üye. Tunçer Baykaş

Aralık, 2018

Bu tezde, Televizyon beyaz bandlarında binaiçi ve binaiçinden binadışına yapılan

kanal ölçüm sonuçları sunulmuştur. Ölçümler TV bandının başında, ortasında

ve sonunda bulunan frekanslarda yapılmıştır. Ayrıca hava yer kanalları için ışın

takip yöntemi kullanılarak benzetim sonuçları elde edilmiştir.

Binaiçi ölçüm sonuçları literatürde bulunan diğer yol kaybı modelleri ile

karşılaştırılmış ve TVWS frekansları için yeni bir model önerilmiştir. Yeni model

frekansa bağlı olan yol kaybı değerine ek olarak kapı, pencere ve katlar arasında

bulunan kayıpları göz önüne almaktadır. Diğer modellerle karşılaştırıldağında

yeni önerdiğimiz modelin daha iyi STD performansına sahip olduğu gözlşenmiştir.

Benzer olarak bina içinden bina dışına olan yol kaybı modeli için log nor-

mal gölgeleme modeli seçilmiştir. Kısa ve uzun mesafelerde yapılan ölçümlerde

gölgeleme standart sapma değerleri arasında fark olduğu gözlemlenmiştir. Kısa

ve uzun mesafe ayrımı için bir eşik değer tanımlanmıştır. Alınan sonuçlar her

frekans bandından hata oranının azaldığını göstermiştir.

Hava-yer kanallarında, ışın izleme yöntemi kullanılarak benzetim sonuçları elde

edilmiştir. Yüksek katlı binalar ve banliyöler için yapılan çalışmalarda yüksek

katlı binalarda hem yol kaybı hem de gölgeleme paramatrelerinin daha yüksek

olduğu belirlenmiştir.

Anahtar sözcükler : TV Beyaz Boşlukları, Yayılım, Kanal Modelleri.
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Chapter 1

Introduction

During the last decade, the increase in wireless data traffic forced the limits of

communication systems in terms of reliability and throughput [1]. One of the

solutions is allocating more RF spectrum for data communication purposes in

higher frequency bands such as 60 GHz [2] and Tera Hertz (THz) [3] bands. Uti-

lizing such bands result in complex systems due to relatively high path losses and

shorter communication ranges. Another solution is utilizing spectrum sharing

techniques to increase the efficiency in lower frequency bands [4], which are allo-

cated to other services such as broadcasting. Among these bands, the so called

television white space (TVWS) bands have attracted much attention in the last

decade. Although it depends on the local regulations, most of the available TVWS

bands are between 470 and 700 MHz.

In TVWS bands, regulatory organizations have enabled spectrum sharing [5],

where the systems are categorized as primary and secondary systems [6]. Primary

systems are the licensed systems. Secondary systems are allowed to operate given

that they do not cause harmful interference to the primary users. The efficient

and reliable performance of secondary systems becomes more challenging since

the available channels for them are limited.

There are multiple standards developed for TVWS bands including IEEE
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802.15.4m, 802.11af, 802.22, and 802.19.1 standards, which cover the implemen-

tation of systems in these bands for personal, local, and regional area networks

as well as for the coexistence of these systems. In [7] and [8], different standards

for TVWS are presented. Among them, the standards IEEE 802.11af and IEEE

802.15.4m have use cases for indoor applications. For example, IEEE 802.11af

systems can support a local area network, which requires data rates in tens of

Mb/s and communication range up to 100 meters. On the other hand, the poten-

tial applications of IEEE 802.15.4m standard are low power wireless systems like

smart utility networks (SUNs). SUN systems require low data rate (few hundreds

of kb/s) and coverage both indoors and outdoors. In addition, TVWS bands can

be used in 5G as supplementary channels.

For the spectrum sharing in TVWS band, it is essential to comprehend interfer-

ence between multiple systems. Therefore, characterization of a wireless channel

is a primary factor in estimating interference between coexistence of networks and

systems. Thus, detailed channel models are required for network deployments.

There are many propagation models in the literature for TV bands [9], [10].

Most of these models are for outdoor scenarios and for long range systems, such as

Okumura–Hata Model [11]. On the other hand the literature for indoor to indoor,

indoor to outdoor and air to ground channel scenarios and short range systems in

TV bands is limited. Most important channel models for indoor use are the log-

distance model [11], Linear Attenuation Model (LAM) [12], ITU-R P.1238 [13],

and Multi Wall and Floor Model (MWF) [14]. Indoor to outdoor propagation is

also studied in the literature. In [15] researchers proposed frequency dependent

indoor to outdoor channel model based on propagation (received power) mea-

surements which were taken on 0.9, 2, 2.5 and 3.5 GHz transmission frequencies

and around different residential areas. A model based on ray-tracing simula-

tions is presented in [16]. Authors of [17] propose such a model which evaluates

propagation through multiple windows at 0.4-18 GHz frequencies and they also

claim that most of the signal leakage from indoor to outdoor is due to installing

transmitter close to windows. Similarly in [18], authors addressed propagation

through windows including identical structures and used ray tracing and mea-

surements outcomes to propose channel model. In [19, 20, 21], several empirical
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path loss based indoor to outdoor channel model were reported where receiver

measurements were taken in the neighboring streets. However, these models are

not specifically intended for the TVWS band operation. Therefore, more accu-

rate channel models in multiple types of scenarios and environments are needed

for TVWS bands.

The design of measurement setup is also another issue due to the fact that

synchronization of the devices is a very severe problem in indoor environment. It

can be achieved easily by GPS synchronized clock for outdoor applications. Also

it is very hard to handle common signal generators and analyzer for extensive

measurements. With the advent of software defined radios (SDR) for e.g. USRP

[22], the measurement campaign becomes little effortless due to its miniaturized

and reconfigurable hardware. Although it does not provide huge bandwidths, it

can be used for path loss measurements. For indoor application, synchronization

of SDR can be achieved by using certain algorithms and preamble techniques like

in [23] where transmitted M-sequence data was captured by USRP and saved in

laptop while the synchronization was performed off-line in the software.

Considering aforementioned issues, SDR based measurement setup is designed

and propagation characteristics of wireless channel in TVWS band is studied by

evaluating path loss measurements in multiple scenarios. Path loss measurements

were taken for indoor to indoor and indoor to outdoor environments. In addi-

tion, ray tracing simulations were also performed to analyze air to ground channel

in TVWS band. New models, methods and channel parameters for TVWS fre-

quency bands are proposed and compared with the existing channel models in

the literature.

The rest of this thesis is organized as follows. Chapter II describes the SDR

based measurement setup to capture Received Signal Strength (RSS) value and

transmitted data. Chapter III presents the measurement results, proposed model,

and comparisons between multiple channel models for indoor to indoor environ-

ment. Chapter IV proposes the new method to find channel parameters in indoor

to outdoor environment and also presents the comparison between the results cal-

culated from new and existing method by using model proposed in the literature.

3



Chapter V presents the ray tracing simulation results and channel characteriza-

tion for air to ground channel and Chapter VI concludes the whole thesis.
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Chapter 2

Measurement Setup

In this chapter, implementation of a software defined radio based measurement

system is discussed which is used to take path loss measurements for indoor

to indoor and indoor to outdoor environments which are detailed in following

chapters. There are multiple measurement setups proposed in the literature for

the path loss measurements. In this work, a cost effective and user friendly

measurement system is implemented using USRP. We used USRP B210 from

Ettus Research [24] which is controlled by USB 3.0 port on a PC/Laptop. Table

2.1 shows some important specifications of USRP B210.

Table 2.1: Specifications of USRP B210

RF Frequency Range 70 MHz - 6 GHz

Tx Power (max) +20 dBm

ADC/DAC Resolution 12 bits

ADC/DAC Sample Rate (max) 61.44 MS/s

Bandwidth (max) Configurable up to 56 MHz

Interface USB 3.0

Software interface (ettus) GNU Radio, C++, Python APIs

Weight 350 g

Apart from the software interfaces mentioned from Ettus Research, we also
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tested USRP successfully on Matlab [25] and Labview [26] software tools. In order

to achieve a good GUI interface for our measurement system, we used Labview

software to control USRP. A simple representation of measurement setup is given

in Figure 2.1.

Figure 2.1: Measurement setup

Figure 2.2: Transmitter setup

Figure 2.3: Receiver setup

The transmitter (Tx) and receiver (Rx) setups are detailed in Figures 2.2 and

2.3. On the Tx side, PN sequence of level 10 was generated. After that it is

passed through a BPSK modulator. There are two operations of this block a) It

maps the input bit stream to a complex valued symbol sequence b) It performs

pulse shaping filter operation. Finally in the last block it is passed through the

RF front end in USRP, which up converts the modulated signal through analog

operations and transmit it through antenna (Table 2.2).
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On the Rx side in Figure 2.3, signal is picked through antenna and then down

converted through RF front end in USRP. Now the block diagram is divided

into two branches 1) Received Signal Strength (RSS) detection 2) PN sequence

detection and constellation plot.

In the first branch, re-sampler re-samples the acquired signal to multiple of

expected symbol rate then signal passes through BPSK demodulator, which has

multiple operations here a) filter the received signal phase in order to reduce In-

ter symbol Interference (ISI) b) extraction of required symbols from oversampled

signal c) Frequency offset correction d) Symbol detection and mapping of hard

symbols to bit values per the transmitted symbol map. This block is also syn-

chronized for certain symbol map. Finally, we have the received bit sequence and

recovered complex waveform for constellation plot.

In the second branch, signal is converted in to Complex Double Waveform

Data Type (CDB WDT) then fed to FFT power spectrum block which computes

the FFT and forms the power spectrum of the time signal. Now the magnitude

values are extracted from the signal and averaging block calculates the RSS by

taking mean of 200 magnitude values from left and right of center frequency. This

averaging is done in order to reduce the impact of frequency offset and instability

in the values. Measurement setup parameters are given in Table 2.2.

Table 2.2: Measurement setup parameters

Center frequency (indoor-indoor) 480, 580, 630 MHz

Center frequency (indoor-outdoor) 470, 580, 670 MHz

Tx Power 16.60 dBm

Antenna polarization Horizontal

Antenna radiation pattern Omni-directional

Antenna heights (Tx and Rx) 1.5 m

Transmitted signal PN sequence

Modulation BPSK

Sampling rate 300 kHz
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Measurements were taken at three different frequencies in TVWS band (start,

middle and end of the band). To maximize the measurement area, the transmit-

ter power was set to 16.60 dBm. Receiver antenna height was adjusted to 1.5

meter to model average holding height for a cellular phone. The IQ sampling

rate of the receiver was 300 kHz to reduce the posibility of overflow. Antenna

polarization and radiation pattern were selected based on the indoor and outdoor

environments.
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Chapter 3

Indoor to Indoor Wireless

Channel Measurements and

Modeling

In this chapter, indoor to indoor wireless propagation measurement results and

channel models are detailed. In addition, a new channel model for TVWS fre-

quencies and its performance comparisons with other models are also presented.

3.1 Measurement Environment

Measurements were taken on the 2nd and 3rd floor of the C-block building of

Istanbul Medipol University, during non-working hours, to reduce interference

from human body as much as possible. Figure 3.1 shows the identical 3D model

of the university building. Figures 3.2 and 3.3 show the layout of the 2nd and

3rd floor respectively. All indoor walls on the floor maps are wooden material

with certain insulation. Some doors are made up of glass and some are wooden,

whereas all of the windows of the classrooms, labs and other office area are made

of glass. Tx location is marked with black star (cf. south side of the 2nd floor
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plan Figure 3.2), whereas Rx positions are marked with red stars in Figures 3.2

and 3.3. Both Tx and Rx antenna heights were kept constant at 1.5 meter during

the measurements. Tx system was placed on the 2nd floor while Rx system was

placed on a small trolley and RSS values were recorded in a still position at all

marked points between Points A and B on 2nd floor, and A and D on 3rd floor.

Figure 3.1: 3D Model of the university building
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Figure 3.2: 2nd Floor plan (Size: 74.1 x 35.75 meters)
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Figure 3.3: 3rd Floor plan (Size: 74.1 x 35.75 meters)
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There have been multiple non-LOS (NLOS) paths between Tx and Rx in the

measurement setup, which makes it suitable for verifying different models effec-

tively. There were 88 and 63 measurements taken with a separation of approxi-

mately 1 meter for 2nd and 3rd floor respectively. In order to mitigate fast fading

effects, an average of 10 readings were taken for each location.

Radiation patterns of both Tx and Rx antennas were omni-directional in hor-

izontal axis. The antenna orientation was horizontal for Tx (cf. Figure 3.4). For

the Rx, we measured RSS for three different antenna orientations, i.e., up (verti-

cal), left (horizontal) and right (horizontal) (cf. Figure 3.5). Figure 3.6 shows the

received signal power at 2nd floor for all 88 locations starting from point A until

Point B, when the Rx antenna orientation was vertical (i.e., up), whereas Figure

3.7 presents the results for three different antenna orientations. It was found that

all three antenna orientations have similar propagation characteristics. Thus, the

rest of the measurements were taken for the vertical antenna orientation.

Figure 3.4: Transmitter antenna orientation
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Figure 3.5: Receiver antenna orientations (Left, Up and Right)

Figure 3.6: Measurement results of received signal strength at the 2nd floor
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Figure 3.7: Measurement results of received signal strength with different antenna
orientations (see Fig. 3.5) at the 2nd floor

3.2 Indoor Channel Models and Results

In this work, a total of 4 indoor path loss models are considered, which take

direct path distance in to account when calculating the path loss. These are the

log-distance model in which received power of the signal decreases logarithmically

with distance [11], Linear Attenuation Model (LAM) which integrates the effect

of free space path loss [12], ITU-R P.1238 [13] and Multi Wall and Floor Model

(MWF) [14]. Among them, ITU-R P.1238 and MWF models integrate the effect

of floors. In addition, the MWF model incorporates the effect of attenuation due

to walls. These models are defined as follows:

Log − distance : PL = PL(d0) + 10n log10

(
d

d0

)
(3.1)
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where,

PL = path loss in dB

PL(d0) = path loss at distance d0

n = power decay parameter

d0 = reference distance between Tx and Rx

d = direct path distance between Tx and Rx.

LAM : L = LFS + αd (3.2)

where,

L = total propagation loss

LFS = free space loss

α = attenuation coefficient

ITU−RP.1238 : L = 20 log10(f) + N log10(d) + Lf (n) − 28 (3.3)

where,

f = transmission frequency (MHz)

N = distance power loss coefficient

n = total number of floors in between

Lf = attenuation due to floor penetration (dB)
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MWF : LMWF = L0 + 10β log(d) +
I∑
i=1

Kwi∑
k=1

Lwik +
J∑
j=1

Kfj∑
k=1

Lfjk (3.4)

where,

L0 = path loss at 1m distance

β = power delay index

I = number of wall types

J = number of floor types

Kwi = number of traversed walls of type i

Kfj = number of traversed floors of type j

Lwik = attenuation due to wall of type i and k-th traversed wall

Lfjk = attenuation due to floor of type j and k-th traversed floor

To assess how the measurements are compared with the models above, initially

curve fitting is used to determine the parameters based on the measurements at

three different frequencies. Path loss exponent (n) was fitted to the measured

data using Matlab’s curve fitting tool .

At 480 MHz (2nd floor), parameters after calculations are found to be n =

3.805 for log-distance model, α = 1.45 for LAM, N = 39.2 for ITU-R P.1238

model and β = 1.91 for MWF model. It is to be noted that wooden doors were

considered as walls, glass doors were neglected in calculations. The results can

be seen in Figures 3.8 and 3.9.
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Figure 3.8: Measurement results compared with estimation results at 480 MHz
(log-distance, ITU-R P.1238, LAM)

Figure 3.9: Measurement results compared with estimation results at 480 MHz
(MWF)

At 580 MHz (2nd floor), parameters after calculations are found to be n =
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3.558 for log-distance, α = 1.322 for LAM, N = 36.25 for ITU-R P.1238 and β

= 1.663 for MWF. The results can be seen in Figures 3.10 and 3.11.

Figure 3.10: Measurement results compared with estimation results at 580 MHz
(log-distance, ITU-R P.1238, LAM)

Figure 3.11: Measurement results compared with estimation results at 580 MHz
(MWF)
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At 580 MHz (3rd floor), parameters after calculations are found to be n = 3.9

for log-distance, α = 1.483 for LAM, N = 40.44 for ITU-R P.1238 and β = 1.501

for MWF. The results can be seen in Figures 3.12 and 3.13.

Figure 3.12: Measurement results compared with estimation results at 580 MHz
(log-distance, ITU-R P.1238, LAM) (3rd floor)
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Figure 3.13: Measurement results compared with estimation results at 580 MHz
(MWF) (3rd floor)

At 630 MHz (2nd floor), parameters after calculations are found to be n =

3.403 for log-distance, α = 1.255 for LAM, N = 34.63 for ITU-R P.1238 and β

= 1.507 for MWF. The results can be seen in Figures 3.14 and 3.15.
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Figure 3.14: Measurement results compared with estimation results at 630 MHz
(log-distance, ITU-R P.1238, LAM)

Figure 3.15: Measurement results compared with estimation results at 630 MHz
(MWF)
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From Figures 3.8-3.15, it can be seen that log-distance and ITU-R P.1238

models have approximately the same results. LAM can only model in a small

patch of distance, otherwise, it does not fit the measurement results well. MWF

model can represent the measurement results better compared to other three

models, as it shows less estimation error throughout the measurement range. This

is due to the additional term of propagation loss due to walls in the definition of

MWF model. Accordingly, the MWF model seems to be the most suitable model

for TVWS frequency bands.

In general, walls, furniture, doors, etc. may be in the direct path distance

between Tx and Rx, and cause their own propagation loss. Therefore, it is im-

portant to model the loss of these effects to minimize the overall estimation error.

On the other hand, the modeling of all these obstacles is not trivial due to their

respective positions in an indoor environment. In [27], authors assume that these

obstacles are uniformly distributed in the indoor environment and propose an-

other model based on this assumption, which is a variation of the existing LAM

model (we have named it extended LAM in this paper). The model is given as:

L = LFS + γd+ nwLw + nfLf + C (3.5)

In the above equation, γ is the attenuation coefficient, nw is the number of

penetrating walls, nf is the number of penetrating floors, Lw is the loss of each

wall, Lf is the loss of each floor and C is the attenuation constant. We have also

performed estimations using this model and compared with measurement results.

The comparison at 480, 580 (2nd and 3rd floor) and 630 MHz are plotted in Figure

3.16-3.19.
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Figure 3.16: Measurement results compared with estimation results at 480 MHz
(extended LAM)

Figure 3.17: Measurement results compared with estimation results at 580 MHz
(extended LAM)
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Figure 3.18: Measurement results compared with estimation results at 580 MHz
(extended LAM)(3rd floor)

Figure 3.19: Measurement results compared with estimation results at 630 MHz
(extended LAM)
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In Figures 3.16-3.19, the estimated values of γ are: 0.8521 at 480 MHz, 0.767

at 580 MHz (2nd floor), 0.777 at 580 MHz (3rd floor) and 0.656 at 630 MHz. The

extended LAM model can model the measurement results similar to the MWF

model and better than the LAM model.

3.3 Proposed Indoor Propagation Channel

Model for TVWS Band

None of the channel models considered in the previous section considers the loss

due to glass windows and doors. In the literature, it is assumed that glass has

slight penetration loss. This assumption can be accepted to some extent, but in

cases where there are many glass objects, the effect of glass can be incorporated

to minimize the modeling error. Here, we should mention some points on our 2nd

floor map with dotted rectangles (c.f. Figure 3.2), where the actual propagation

loss is more than the estimated values, calculated from MWF and extended LAM

models. Incorporation of loss due to wall does not reduce estimation error at these

points. This is because there are less number of walls than the glass windows

and glass doors in the direct path. Here, the effects of glass windows and glass

doors cannot be neglected on the path loss. Although some of the errors are due

to furniture and other obstacles, these objects are harder to model compared to

windows and doors. With the addition of these effects, the following equation

has been proposed:

L = Ld0 + 10ζ log

(
d

d0

)
+ nwlLwl + nwdLwd + ndLd + nfLf (3.6)

where, Ld0 is the path loss at distance d0, nwl is the number of walls, nwd is

the number of windows, nd is the number of doors, nf is the number of floors,

Lwl is the loss of each wall, Lwd is the loss of each window, Ld is the loss of each

door and Lf is the loss of each floor. The estimated results at 480, 580 (2nd and

3rd floor) and 630 MHz are plotted in Figures 3.20-3.23.
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Figure 3.20: Measurement results compared with estimation results at 480 MHz
(proposed model)

Figure 3.21: Measurement results compared with estimation results at 580 MHz
(proposed model)
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Figure 3.22: Measurement results compared with estimation results at 580 MHz
(proposed model)(3rd floor)

Figure 3.23: Measurement results compared with estimation results at 630 MHz
(proposed model)
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In our case, windows and most of the sliding doors are made up of glass, where

only some of the doors are wooden. Glass doors and windows, wooden doors and

walls have approximately same penetration loss which are 1.493 and 3.878 dB,

respectively. After calculations ζ was found to be 1.637 at 480 MHz, 1.39 at 580

MHz (2nd floor), 1.276 at 580 MHz (3rd floor), and 1.234 at 630 MHz.

As seen in Figures 3.20-3.23, the difference in measured and estimated path

loss values are reduced as compared to Figures 3.9, 3.11, 3.13 and 3.15 (MWF

model), since we add the additional loss due to glass windows and doors in the

proposed model. In the floor map, total number of wooden doors/walls and glass

doors/windows in the direct path ranges from 0 to 10 and 0 to 9, respectively.

3.4 Performance Comparisons

In this section, we compare the accuracy of the proposed model with other models

at three different transmission frequencies. The results are given in Table 3.1 and

Figure 3.24. The proposed model shows the best performance in terms of the

standard deviation of estimation error as compared to other models at all the

frequencies. Incorporation of the effect of walls, windows, and doors has reduced

the estimation error significantly.

Table 3.1: Comparison of propagation models

Frequency Parameter LAM
Log-
distance

ITU-
R
P.1238

Extended
LAM

MWF
Proposed
Model

480 MHz (2ndFloor) STD (dB) 11.22 7.39 7.16 8.60 7.22 6.15

580 MHz (2ndFloor) STD (dB) 10.53 6.73 6.58 7.02 5.56 4.74

630 MHz (2ndFloor) STD (dB) 10.45 7.57 7.46 7.69 6.83 6.04

580 MHz (3rdFloor) STD (dB) 13.01 7.29 12.67 10.09 7.78 7.00
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(a)

(b)

Figure 3.24: Comparison of propagation models on 2nd (a) and 3rd floor (b)

Finally, Figures 3.25-3.32 present the squared error with respect to direct path

distance between Tx and Rx for different propagation models at different frequen-

cies (including 3rdFloor). It is clear that all of the models have less squared error

at 580 MHz (2ndFloor) because less interference from other channels was observed

only at 580 MHz frequency. So, here only the results at 580 MHz (2ndFloor) will

be discussed.
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Figure 3.25: Performance comparison of log-distance, ITU-R P.1238 and LAM
models at 480 MHz

Figure 3.26: Performance comparison of the proposed, extended LAM and MWF
models at 480 MHz
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Figure 3.27: Performance comparison of log-distance, ITU-R P.1238 and LAM
models at 580 MHz

Figure 3.28: Performance comparison of the proposed, extended LAM and MWF
models at 580 MHz
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Figure 3.29: Performance comparison of log-distance, ITU-R P.1238 and LAM
models at 580 MHz (3rdFloor)

Figure 3.30: Performance comparison of the proposed, extended LAM and MWF
models at 580 MHz (3rdFloor)
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Figure 3.31: Performance comparison of log-distance, ITU-R P.1238 and LAM
models at 630 MHz

Figure 3.32: Performance comparison of the proposed, extended LAM and MWF
models at 630 MHz
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In Figure 3.27, LAM model has minimum (0.0130 dB2) and maximum (578.48

dB2) squared error at location number 03 and 39 with direct path distance of

9.375 and 30.93 meters respectively. Similarly, ITU-R P.1238 model has minimum

(1.38x10−4 dB2) and maximum (521.51 dB2) squared error at location number 78

and 39 with distance 26.48 and 30.93 meters and Log distance model has minimum

(0.039 dB2) and maximum (350.08 dB2) squared error at location number 72 and

39 with distance 35.62 and 30.93 meters.

In Figure 3.28, extended LAM model has minimum squared error (2.28x10−4

dB2) at location number 49 and maximum squared error (254.62 dB2) at location

number 73 with a direct path distance of 45.47 and 33.98 meters, respectively.

MWF model has minimum squared error (4.45x10−6 dB2) at location number

47 and maximum squared error (215.05 dB2) at location number 73 with direct

path distance of 42.42 and 33.98 meters. Lastly, the proposed model has minimum

squared error (0.0014 dB2) at location number 61 and maximum squared error

(244.48 dB2) at location number 39 with direct path distance of 52.73 and 30.93

meters.

Since the proposed and the MWF models have better performance compared

to the other models (c.f. Table 3.1), we only compare their estimation results at

specific locations, which are indicated with dotted rectangles in (2ndFloor) Map.

At location numbers 59, 60 and 61, total number of walls and windows in the

direct path are 5, 4, 4 and 6, 6, 7 and the distance in meters are 54.61, 54.37 and

52.73, respectively. According to our theory, increasing the number of windows

should increase the error of the MWF model. The squared error values calculated

from MWF model are 66.09 dB2, 28.11 dB2, 46.61 dB2, whereas the proposed

model has the error values of 8.26 dB2, 0.0018 dB2, 0.0014 dB2. As a result,

we can conclude that observations support our theory and the proposed model

improves estimation performance.

If the direct path distance is long and there are many obstructions, both pro-

posed model and MWF model have higher error values. However, the error of

the proposed model is still lower than the MWF model. For example, at location

number 57, the direct distance is 55.31 meters. RSS at this location is -83.02
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dB. Measured path loss is 99.62 dB. MWF model and proposed model path loss

estimations are 91.85 and 94.10 dB. The error of the proposed model is smaller

but still high. However, overall results show that the proposed model is effective

in indoor environments.
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Chapter 4

Indoor to Outdoor Wireless

Channel Measurements and

Modeling

In this chapter, propagation characteristics in TVWS frequency bands are pre-

sented by capturing path loss values at multiple locations in indoor to outdoor

environment and validated with log normal shadowing model. Further, a new

model is proposed to find channel parameters for the mentioned environment.

The goal of the model is to improve shadowing coefficient estimation.

4.1 Measurement Environment

During the measurement campaign, a BPSK modulated PN sequence is trans-

mitted using USRP at TVWS frequencies which was placed inside the building.

Transmitted signal is captured by another USRP outside the building. Proper

spectrum scanning was performed before the measurement campaign to make

sure that the frequencies of interest were vacant during transmission. Normally

TVWS bands are defined between 470 to 700 MHz. We took measurements at

37



the center frequencies 470, 580 and 670 MHz.

Figure 4.1 shows indoor to outdoor measurement environment. Transmitter

location is marked with yellow thumb pin (cf. west side of Figure 4.1). It is to be

noted that terrain is not flat on the measurement site. The building with trans-

mitter has multiple types of materials in the indoor environment (i.e. glass, wood,

concrete, iron, and metal) which can reflect, diffract and, scatter the propagating

signal.

Measurements were taken at 188 locations with a separation of 1 meter outside

the university building i.e. from X (start) till Y (end) (cf. south and north-east

side of Figure 4.1 respectively). For each location, an average of 10 readings were

taken to mitigate fast fading effects.

Figure 4.1: Aerial view of the measurement site.

4.2 Indoor to Outdoor Channel Model and Re-

sults

There are multiple channel models available in the literature where the effect of

direct path distance is incorporated into the path loss. We have used log normal
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shadowing channel model (LNSM) in this work [11]. This model is defined by

4.1.

PLdB = PL(d0) + 10n log10

(
d

d0

)
+Xσ (4.1)

Where, PL(d0) is the path loss in dB at a reference distance d0 = 4.2 meters

which was found to be 38.9 dB at 470 MHz and 41.9 dB at 580 and 670 MHz, d is

the direct distance between transmitter and receiver, n is the path loss exponent

and Xσ is shadowing random variable with a zero mean and standard deviation

of σ. Figures 4.2-4.4 show the received power versus distance results at 470, 580

and 670 MHz respectively.

Figure 4.2: Measured received power (470 MHz) at different receiver positions
(from X until Y in Figure 4.1).
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Figure 4.3: Measured received power (580 MHz) at different receiver positions
(from X until Y in Figure 4.1).

Figure 4.4: Measured received power (670 MHz) at different receiver positions
(from X until Y in Figure 4.1).
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Figure 4.5 shows the measured path loss and estimated path loss which is

calculated from log normal shadowing channel model at 580 MHz frequency.

Channel parameters are found to be n = 3.9185 and σ = 8.4240 dB. We fitted

path loss exponent (n) to our data using Matlab’s curve fitting tool .

Figure 4.5: Measured path loss compared with estimated path loss at 580 MHz.
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Figure 4.6: PDF of Xσ and Gaussian distribution at 580 MHz.

Figure 4.6 shows the measured probability density function (PDF) of Xσ. It

includes Gaussian PDF with µ = 1.3698 dB and σ = 8.3341 dB. We fitted Gaus-

sian PDF on my measured results and found µ and σ by using Log likelihood

method in Matlab’s distribution fitter tool.

For 470 MHz frequency, Figure 4.7 shows the measured and estimated path

loss with channel parameters n = 3.2951 and σ = 6.9988 dB and Figure 4.8 shows

the measured PDF of Xσ and fitted Gaussian PDF with µ = 0.6242 dB and σ =

6.9895 dB. These results show similarity with the results of 580 MHz frequency

except the fact that overall path loss is less here.
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Figure 4.7: Measured path loss compared with estimated path loss at 470 MHz.

Figure 4.8: PDF of Xσ and Gaussian distribution at 470 MHz.
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Figures 4.9 and 4.10 show the measured and estimated path loss with channel

parameters n = 4.0055 and σ = 7.6879 dB, and measured PDF of Xσ and fitted

Gaussian PDF with µ = 1.1715 dB and σ = 7.6185 dB at 670 MHz frequency

respectively.

Figure 4.9: Measured path loss compared with estimated path loss at 670 MHz.
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Figure 4.10: PDF of Xσ and Gaussian distribution at 670 MHz.

According to the path loss and shadowing results at 470, 580 and 670 MHz

frequencies. We found, for short distances shadowing dominates the path loss

value with its large standard deviation. After fitting Gaussian PDF on top of

PDF of Xσ, it can be said that Gaussian distribution holds in indoor to outdoor

environment.

4.3 Proposed Model and Discussion

From the results of previous section, it can be deduced that, for receiver positions

which are close to the transmitter undergoes more shadowing effect than far ones

due to strong multi-path reflections. If we model the shadowing of a wireless

channel with single value for mentioned environment then it will not correctly

model the shadowing for long distance locations because the short distance shad-

owing has a dominant effect on the overall shadowing value. Therefore, a new
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model is proposed which divides measurements for short distance (sd) and long

distance (ld) readings based on channel properties. This concept can also be seen

in Figure 4.11. For dividing the readings to short-distance and long-distance,

an algorithm is proposed (Algorithm 1). The goal of the algorithm is to maxi-

mize the difference of shadowing standard deviation between two reading groups.

Mathematical representation of the concept is given in 4.2.

Divisiondistance = max | σsd − σld | (4.2)

Figure 4.11: Concept of Proposed Method.

In Algorithm 1, start and end values are selected in such a way that the

parameters estimations are unbiased. The division distance was found to be

63.89 meters at 470 MHz and 49.1 meters at 580 and 670 MHz frequencies.

Figure 4.12 shows the absolute standard deviation difference with respect to

division distances between short and long distance readings at 470, 580 and 670

MHz frequencies.
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Algorithm 1 Matlab Algorithm to find division point

1: X = load(′Distance.mat′)
2: PL = load(′Pathloss.mat′)
3: start = 30
4: end = 158
5: for j = start : 1 : end
6: Xsd = X(1 : j)
7: Xld = X(j + 1 : 188) . 188: total no. of readings
8: PLsd = PL(1 : j)
9: PLld = PL(j + 1 : 188)

10: n1 = CurveF it(Xsd, PLsd)
11: n2 = CurveF it(Xld, PLld)
12: PLEsd = PLd0 + 10 ∗ n1 ∗ log10(Xsd/d0)
13: PLEld = PLd0 + 10 ∗ n2 ∗ log10(Xld/d0)
14: SEsd = (PLsd − PLEsd).2
15: SEld = (PLld − PLEld).2
16: STDsd(j − low + 1) = sqrt(sum(SEsd)/size(Xsd))
17: STDld(j − low + 1) = sqrt(sum(SEld)/size(Xld))
18: clearall − except, nsd, nld, STDsd, STDld, start, end

,X, PL
19: end
20: STDdiff = abs(STDsd − STDld)
21: [STDMaxdiff , indice] = max(STDdiff )
22: Division = X(start+ indice)
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Figure 4.12: Absolute standard deviation difference at 470, 580 and 670 MHz

Following, channel parameters are calculated for short and long distance cases

separately. Figures 4.13-4.15 show the measured path loss and estimated path

loss for 470, 580 and 670 MHz frequencies respectively.
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Figure 4.13: Measured path loss compared with estimated path loss for short and
long distance at 470 MHz.

Figure 4.14: Measured path loss compared with estimated path loss for short and
long distance at 580 MHz.
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Figure 4.15: Measured path loss compared with estimated path loss for short and
long distance at 670 MHz.

In Figures 4.13-4.15, channel parameters at 470 MHz for short and long dis-

tance are n = 3.4736, σ = 8.1433 dB and n = 3.1774, σ = 4.2569 dB, respectively.

In the same way, at 580 MHz for short distance n = 4.3412 σ = 11.3042 dB and

for long distance n = 3.8186 σ = 5.2589 dB and at 670 MHz for short distance n

= 4.4207 σ = 10.5940 dB and for long distance n = 3.9048 σ = 4.2834 dB.

Figures 4.16-4.21 show the measured PDF of Xσ and fitted Gaussian PDF for

short and long distances at 470, 580 and, 670 MHz frequencies, respectively.
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Figure 4.16: PDF of Xσ and Gaussian distribution for short distance at 470 MHz.

Figure 4.17: PDF of Xσ and Gaussian distribution for long distance at 470 MHz.
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Figure 4.18: PDF of Xσ and Gaussian distribution for short distance at 580 MHz.

Figure 4.19: PDF of Xσ and Gaussian distribution for long distance at 580 MHz.
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Figure 4.20: PDF of Xσ and Gaussian distribution for short distance at 670 MHz.

Figure 4.21: PDF of Xσ and Gaussian distribution for long distance at 670 MHz.

In the above results, fitted Gaussian distribution parameters at 470 MHz for

short and long distance are µ = 0.5186 dB, σ = 8.1640 dB and µ = 0.0917 dB, σ
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= 4.2834 dB respectively. Similarly, at 580 MHz, for short distance µ = 1.8422

dB, σ = 11.2325 dB and for long distance µ = 0.3602 dB, σ = 5.2692 dB and at

670 MHz, for short distance µ = 1.5555 dB σ = 10.5538 dB and for long distance

µ = 0.2283 dB σ = 4.2957 dB.

It can be seen from the results of this section that after applying proposed

method, there is a significant difference in shadowing parameters as compared

to those which were calculated in previous section by using log normal channel

model. Short distance measurements have more shadowing than long one’s and

Gaussian distribution holds after the division of data set for mentioned environ-

ment .

4.4 Performance Comparisons and Results

In this sections, results are presented to show the accuracy of log normal shad-

owing and proposed model for indoor to outdoor environment. Here, we compare

the results achieved from log normal and proposed models based on statistical

parameters. Table 4.1 shows the comparison of results while Figures 4.22-4.24

show the bar chart comparison of shadowing standard deviation values at all

transmission frequencies.
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Table 4.1: Comparison of Results

Model Frequency (MHz) n σ(dB) Fitted Gaussian

µ(dB) σ(dB)

Log-normal

470 3.2951 6.9988 0.6242 6.9895

580 3.9185 8.4240 1.3698 8.3341

670 4.0055 7.6879 1.1715 7.6185

Log-normal
(short

distance)

470 3.2951 8.3101 2.1332 8.0684

580 3.9185 11.8107 5.1852 10.6871

670 4.0055 11.1144 4.8392 10.0768

Proposed
(short

distance)

470 3.4736 8.1433 0.5186 8.1640

580 4.3412 11.3042 1.8422 11.2325

670 4.4207 10.5940 1.5555 10.5538

Log-normal
(long

distance)

470 3.2951 4.5468 -1.5038 4.3186

580 3.9185 5.4202 -0.9454 5.3601

670 4.0055 4.4732 -1.0541 4.3659

Proposed
(long

distance)

470 3.1774 4.2569 0.0917 4.2834

580 3.8161 5.2589 0.3602 5.2692

670 4.4207 4.2834 0.2283 4.2957

Figure 4.22: Shadowing comparison chart at 470 MHz
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Figure 4.23: Shadowing comparison chart at 580 MHz

Figure 4.24: Shadowing comparison chart at 670 MHz

The comparison between short distance models show that, there is a consid-

erable difference in path loss and shadowing. Proposed model indicates that

the path loss coefficient should be higher than the coefficient of the log normal

model for all frequencies. By increasing the path loss, proposed model decreases

the shadowing standard deviation. On the other hand, for long distance mea-

surements, calculated path loss is lower in proposed model and it reduces the

shadowing standard deviation.
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Chapter 5

Air to Ground Wireless Channel

Modeling

In this section, wireless channel modeling for air to ground channels in TVWS

band is discussed. Generally, channel parameter estimations are performed using

results from extensive measurements in the environment [28] [29]. Alternative

method employs outcomes from ray tracing simulations which provides acceptable

performance compared to the real measurements [30]. Ray tracing simulations

require 3D models of the environment which is tedious to design. Alternative and

a novel approach is to extract these 3D models of a real outdoor environment from

CAD tools.

In this particular work, channel parameters are estimated in a systematic man-

ner first by using ray tracing simulations in Wireless InSite to measure path loss

at multiple locations on a 3D model which is identical to the aerial/satellite image

and then estimating channel parameters (n and σ) with Log Normal Shadowing

Model (LNSM) from path loss measurements using Matlab.
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5.1 Channel parameter estimation

There are multiple studies in literature regarding air to ground channel parameter

estimation using ray tracing simulations [31] [32]. Here, Log Normal Shadowing

Model was selected to perform channel parameter estimation which is defined by

the following equation:

PLdB = PL(d0) + 10n log10

(
d

d0

)
+Xσ (5.1)

Where, PL(d0) is the path loss in dB at a reference distance d0, d is the direct

distance between transmitter and receiver, n is the path loss exponent and Xσ is

a random variable with zero mean and standard deviation of σ which is generally

refers to the shadowing in the environment.

Path loss measurements were taken using ray tracing simulations in Wireless

InSite software. In this work, we selected New York city covering multiple sce-

narios and environments. This was used due to unavailability of the data for

Istanbul. Table 5.1 shows the measurement setup parameters.

Table 5.1: Measurement setup parameters (Wireless InSite)

Transmission frequencies 470, 580 and 670 MHz

Transmit Power +60 dBm

Antenna polarization Vertical

Antenna radiation pattern Omni-directional

Transmitter antenna height 300 m

Receiver antenna height 1.5 m

Transmitted signal Sinusoid

Bandwidth 8 MHz

d0 57.28 m

PL(d0) 63.44 dB

Figure 5.1 shows the block diagram of the work flow to generate channel pa-

rameters and aerial/satellite images.
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Figure 5.1: Channel parameters generation work flow

From Figure 5.1 and starting from the first block (left), the Google SketchUp

software with Placemaker plugin is used to acquire aerial images and 3D models

(1.8x1.8 km area each) of New York city from two multiple sources.

After that, 3D model is imported and merged with a flat terrain in Wireless

InSite. Ray tracing simulation environment is created by placing squared XY grid

of 12,100 receivers and a transmitter at the center in the 3D model. Transmit

power of +60 dBm and omni-directional antennas are selected in order to achieve

a good coverage area. The material of terrain is dry earth while the buildings are

concrete. Transmitter antenna is positioned at 300 meter height from the terrain

in order to replicate the scenario of air to ground channel. Receiver antenna height

of 1.5 meter is selected to model the average holding height of a cellular phone.

Further, ray tracing simulations are performed to generate path loss values at

each receiver. Examples of ray tracing simulation environment is presented in

Figure 5.2 while corresponding aerial image is given in Figure 5.3. In Figure

5.2 green area shows the terrain profile, red points on terrain show the receiver

positions and orange point (radiation pattern) in the center employs transmitter

position.

Figure 5.2: Ray tracing simulation in Wireless InSite
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Figure 5.3: Corresponding aerial image

Moreover, generated path losses are used to calculate air to ground wireless

channel parameters (n and σ) using custom Matlab function and script. Finally,

the calculated channel parameters and respective aerial image are saved in the

disk.

5.2 Simulation Results

In order to analyze air to ground wireless channel characteristics, path loss mea-

surements were taken in high rise buildings and sub urban scenarios using ray

tracing simulations at TVWS frequencies. In this section, path loss coefficient

(n) and shadowing parameter (σ) calculated for multiple scenarios are presented.
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5.2.1 High Rise Building Scenario

The maximum height of the building in this scenario is 417 meters (world trade

center) which is also included in the measurement results. Similarly, there are

multiple high rise buildings which can cause interference in transmission and

transmitted signals more likely to undergo multi-path reflections. For the mea-

surements, total 3 locations of area 1.8x1.8 km were chosen. Results at 580, 470,

and 670 MHz frequencies are presented as follows:

5.2.1.1 Results at 580 MHz

For the first location, Figures 5.4(a) and 5.4(b) show the color map of received

power and corresponding aerial image while Figures 5.5(a) and 5.5(b) show

measured/estimated log normal shadowing model path loss and measured/fitted

Gaussian PDF of Xσ, respectively. The calculated channel parameters are found

to be n = 3.9742, σ = 45.0224 dB and, Gaussian PDF with µ = 1.27055 dB and

σ = 45.0063 dB. We fitted Gaussian PDF on my measured results and found µ

and σ by using Log likelihood method in Matlab’s distribution fitter tool.
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(a)

(b)

Figure 5.4: Received power color map at 580 MHz and corresponding aerial
image(1st Location)
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(a)

(b)

Figure 5.5: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 580 MHz (1st Location)

Similarly, for the second location, Figures 5.6(a) and 5.6(b) show the color

map of received power and corresponding aerial image while Figures 5.7(a) and

5.7(b) show measured/estimated log normal shadowing model path loss and mea-

sured/fitted Gaussian PDF of Xσ, respectively. The calculated channel parame-

ters are found to be n = 3.4956, σ = 24.8912 dB and, Gaussian PDF with µ =

-0.23866 dB and σ = 24.8911 dB.
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(a)

(b)

Figure 5.6: Received power color map at 580 MHz and corresponding aerial image
(2nd Location)
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(a)

(b)

Figure 5.7: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 580 MHz (2nd Location)

For the third location, Figures 5.8(a) and 5.8(b) show the color map of re-

ceived power and corresponding aerial image while Figures 5.9(a) and 5.9(b) show

measured/estimated log normal shadowing model path loss and measured/fitted

Gaussian PDF of Xσ, respectively. The calculated channel parameters are found

to be n = 3.2945, σ = 24.0181 dB and, Gaussian PDF with µ = 0.29775 dB and

σ = 24.0173 dB.
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(a)

(b)

Figure 5.8: Received power color map at 580 MHz and corresponding aerial image
(3rd Location)
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(a)

(b)

Figure 5.9: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 580 MHz (3rd Location)

5.2.1.2 Results at 470 MHz

For the first location, Figures 5.10(a) and 5.10(b) show measured/estimated log

normal shadowing model path loss and measured/fitted Gaussian PDF of Xσ,
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respectively. The calculated channel parameters are found to be n = 3.2333, σ

= 45.4536 dB and, Gaussian PDF with µ = 0.8600 dB and σ = 45.4474 dB.

(a)

(b)

Figure 5.10: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 470 MHz (1st Location)

Similarly, for the second location, Figures 5.11(a) and 5.11(b) show mea-

sured/estimated log normal shadowing model path loss and measured/fitted

Gaussian PDF of Xσ, respectively. The calculated channel parameters are found
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to be n = 3.3045, σ = 24.4956 dB and, Gaussian PDF with µ = -0.28227 dB and

σ = 24.4951 dB.

(a)

(b)

Figure 5.11: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 470 MHz (2nd Location)

For the third location, Figures 5.12(a) and 5.12(b) show measured/estimated

log normal shadowing model path loss and measured/fitted Gaussian PDF of Xσ,

respectively. The calculated channel parameters are found to be n = 3.0822, σ
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= 22.1880 dB and, Gaussian PDF with µ = 0.16679 dB and σ = 22.1884 dB.

(a)

(b)

Figure 5.12: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 470 MHz (3rd Location)
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5.2.1.3 Results at 670 MHz

For the first location, Figures 5.13(a) and 5.13(b) show measured/estimated log

normal shadowing model path loss and measured/fitted Gaussian PDF of Xσ,

respectively. The calculated channel parameters are found to be n = 3.7656, σ

= 45.5193 dB and, Gaussian PDF with µ = 1.30627 dB and σ = 45.5025 dB.

(a)

(b)

Figure 5.13: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 670 MHz (1st Location)
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Similarly, for the second location, Figures 5.14(a) and 5.14(b) show mea-

sured/estimated log normal shadowing model path loss and measured/fitted

Gaussian PDF of Xσ, respectively. The calculated channel parameters are found

to be n = 3.8873, σ = 25.2994 dB and, Gaussian PDF with µ = -0.09183 dB and

σ = 25.3004 dB.

(a)

(b)

Figure 5.14: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 670 MHz (2nd Location)
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For the third location, Figures 5.15(a) and 5.15(b) show measured/estimated

log normal shadowing model path loss and measured/fitted Gaussian PDF of Xσ,

respectively. The calculated channel parameters are found to be n = 3.6725, σ

= 23.5762 dB and, Gaussian PDF with µ = 0.4495 dB and σ = 23.5730 dB.

(a)

(b)

Figure 5.15: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 670 MHz (3rd Location)
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5.2.2 Sub-urban scenario

In this section, path loss measurements using ray tracing simulations were taken

on the Manhattan side of the New York city and similar to the previous section,

three different sub-urban locations were selected and processed in Wireless InSite.

Results at 580, 470 and 670 MHz frequencies are presented as follows:

5.2.2.1 Results at 580 MHz

For the first location, Figures 5.16(a) and 5.16(b) show the color map of received

power and corresponding aerial image while Figures 5.17(a) and 5.17(b) show

measured/estimated log normal shadowing model path loss and measured/fitted

Gaussian PDF of Xσ, respectively. The calculated channel parameters are found

to be n = 2.5540, σ = 16.2012 dB and, Gaussian PDF with µ = 0.5677 dB and

σ = 16.1920 dB.
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(a)

(b)

Figure 5.16: Received power color map at 580 MHz and corresponding aerial
image(1st Location)
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(a)

(b)

Figure 5.17: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 580 MHz (1st Location)

Similarly, for the second location, Figures 5.18(a) and 5.18(b) show the color

map of received power and corresponding aerial image while Figures 5.19(a) and

5.19(b) show measured/estimated log normal shadowing model path loss and

measured/fitted Gaussian PDF of Xσ, respectively. The calculated channel pa-

rameters are found to be n = 2.7361, σ = 15.3332 dB and, Gaussian PDF with

µ = 0.1181 dB and σ = 15.3334 dB.
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(a)

(b)

Figure 5.18: Received power color map at 580 MHz and corresponding aerial
image (2nd Location)
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(a)

(b)

Figure 5.19: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 580 MHz (2nd Location)

For the third location, Figures 5.20(a) and 5.20(b) show the color map of re-

ceived power and corresponding aerial image while Figures 5.21(a) and 5.21(b)

show measured/estimated log normal shadowing model path loss and mea-

sured/fitted Gaussian PDF of Xσ, respectively. The calculated channel parame-

ters are found to be n = 2.5437, σ = 19.3865 dB and, Gaussian PDF with µ =

0.4801 dB and σ = 19.3814 dB.
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(a)

(b)

Figure 5.20: Received power color map at 580 MHz and corresponding aerial
image (3rd Location)
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(a)

(b)

Figure 5.21: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 580 MHz (3rd Location)
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5.2.2.2 Results at 470 MHz

For the first location, Figures 5.22(a) and 5.22(b) show measured/estimated log

normal shadowing model path loss and measured/fitted Gaussian PDF of Xσ,

respectively. The calculated channel parameters are found to be n = 2.4135, σ

= 15.9891 dB and, Gaussian PDF with µ = 0.4538 dB and σ = 15.9833 dB.

(a)

(b)

Figure 5.22: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 470 MHz (1st Location)
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Similarly, for the second location, Figures 5.23(a) and 5.23(b) show mea-

sured/estimated log normal shadowing model path loss and measured/fitted

Gaussian PDF of Xσ, respectively. The calculated channel parameters are found

to be n = 2.5711, σ = 15.1126 dB and, Gaussian PDF with µ = 0.0650 dB and

σ = 15.1131 dB.

(a)

(b)

Figure 5.23: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 470 MHz (2nd Location)
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For the third location, Figures 5.24(a) and 5.24(b) show measured/estimated

log normal shadowing model path loss and measured/fitted Gaussian PDF of Xσ,

respectively. The calculated channel parameters are found to be n = 2.4178, σ

= 18.9974 dB and, Gaussian PDF with µ = 0.3610 dB and σ = 18.9948 dB.

(a)

(b)

Figure 5.24: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 470 MHz (3rd Location)
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5.2.2.3 Results at 670 MHz

For the first location, Figures 5.25(a) and 5.25(b) show measured/estimated log

normal shadowing model path loss and measured/fitted Gaussian PDF of Xσ,

respectively. The calculated channel parameters are found to be n = 2.8764, σ

= 16.9760 dB and, Gaussian PDF with µ = 0.7026 dB and σ = 16.9622 dB.

(a)

(b)

Figure 5.25: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 670 MHz (1st Location)
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Similarly, for the second location, Figures 5.26(a) and 5.26(b) show mea-

sured/estimated log normal shadowing model path loss and measured/fitted

Gaussian PDF of Xσ, respectively. The calculated channel parameters are found

to be n = 3.0581, σ = 16.6198 dB and, Gaussian PDF with µ = 0.2113 dB and

σ = 16.6192 dB.

(a)

(b)

Figure 5.26: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 670 MHz (2nd Location)
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For the third location, Figures 5.27(a) and 5.27(b) show measured/estimated

log normal shadowing model path loss and measured/fitted Gaussian PDF of Xσ,

respectively. The calculated channel parameters are found to be n = 2.8364, σ

= 20.4334 dB and, Gaussian PDF with µ = 0.5804 dB and σ = 20.4261 dB.

(a)

(b)

Figure 5.27: Measured/estimated path loss and measured/ fitted Gaussian PDF
of Xσ at 670 MHz (3rd Location)
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5.2.3 Modeling Shadowing with Gaussian Mixture

Distribution

From the results of previous section, it can be easily said that Gaussian distri-

bution of shadowing does not hold for air to ground channels in TVWS bands.

Thus, an efficient model is required for shadowing. In this part, we are proposing

Gaussian Mixture Model (GMM) for shadowing which is more compliant with

the actual shadowing and can reduce the inaccuracies in modeling found with

single Gaussian distribution. GMM PDF is defined by the following equation.

fX(x) =
∞∑
k=1

πkN (µ, σ2), k = 1, ..., N (5.2)

where πk are the mixing proportions (which are positive and sum up to one),

where the Gaussian (pdf) is defined as follows:

P (x) =
1

σ
√

2π
e−(x−µ)

2/2σ2

(5.3)

To obtain mixture model parameters, we have used Expectation-Maximization

(EM) method in parameter estimation to model shadowing. Mathematical de-

scription of the method is available in [33] [34].

Measured and estimated results at 580 MHz frequency are presented here be-

cause other frequencies have nearly similar channel characteristics. GMM PDF is

fitted to the measured shadowing in high rise building and sub-urban scenarios.

Additionally, GMM CDF are also shown for better comparisons. We started to

fit the GMM distribution sequentially from N=1 till that value where the average

CDF difference between measured and fitted GMM become stable. It was found

that total of five Gaussian mixtures i.e. N=5 best describes the shadowing for

air to ground channel in two different types of scenarios. Other statistical pa-

rameters (including mean, variance and mixing proportions of each Gaussian in

87



GMM) will be provided in the comparison and discussion section.

5.2.3.1 Results in High Rise Building Scenario

Figure 5.28(a) and 5.28(b) show the measured/GMM fitted PDF and CDF at the

first location.

(a)

(b)

Figure 5.28: Measured/ fitted GMM PDF and CDF of Xσ at 580 MHz (1st

Location)
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Similarly, Figure 5.29(a) and 5.29(b) show the measured/GMM fitted PDF

and CDF at the second location.

(a)

(b)

Figure 5.29: Measured/ fitted GMM PDF and CDF of Xσ at 580 MHz (2nd

Location)

Figure 5.30(a) and 5.30(b) show the measured/GMM fitted PDF and CDF at

the third location.

89



(a)

(b)

Figure 5.30: Measured/ fitted GMM PDF and CDF of Xσ at 580 MHz (3rd

Location)

Overall results in high rise building scenario show the validity of GMM model

for air to ground channel in TVWS band and it turned out to be an acceptable

model compared to simple Gaussian.

90



5.2.3.2 Results in Sub-Urban Scenario

Figure 5.31(a) and 5.31(b) show the measured/GMM fitted PDF and CDF at the

first location.

(a)

(b)

Figure 5.31: Measured/ fitted GMM PDF and CDF of Xσ at 580 MHz (1st

Location)

Similarly, Figure 5.32(a) and 5.32(b) show the measured/GMM fitted PDF
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and CDF at the second location.

(a)

(b)

Figure 5.32: Measured/ fitted GMM PDF and CDF of Xσ at 580 MHz (2nd

Location)

Figure 5.33(a) and 5.33(b) show the measured/GMM fitted PDF and CDF at

the third location.
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(a)

(b)

Figure 5.33: Measured/ fitted GMM PDF and CDF of Xσ at 580 MHz (3rd

Location)

Similar to the high rise building scenario, results of sub urban scenario show

that GMM with N=5 holds for air to ground channel in TVWS bands.
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5.3 Comparisons and Discussion

In this section, results and channel parameters for high rise building and sub-

urban scenarios are compared by using statistical parameters. Table 5.2 and

Figure 5.34 show the comparison of results at all frequencies.

Table 5.2: Comparison of Results

Frequency (MHz) Scenario Location n σ(dB) Fitted Gaussian

µ(dB) σ(dB)

470

High Rise

1st 3.2333 45.4536 0.6242 6.9895

2nd 3.3045 24.4956 1.3698 8.3341

3rd 3.0822 22.1880 1.1715 7.6185

Sub-Urban

1st 2.4135 15.9891 0.6242 6.9895

2nd 2.5711 15.1126 1.3698 8.3341

3rd 2.4178 18.9974 1.1715 7.6185

580

High Rise

1st 3.9742 45.0224 0.6242 6.9895

2nd 3.4956 24.8912 1.3698 8.3341

3rd 3.2945 24.0181 1.1715 7.6185

Sub-Urban

1st 2.5540 16.2012 0.6242 6.9895

2nd 2.7361 15.3332 1.3698 8.3341

3rd 2.5437 19.3865 1.1715 7.6185

670

High Rise

1st 3.7656 45.5193 0.6242 6.9895

2nd 3.8873 25.2994 1.3698 8.3341

3rd 3.6725 23.5762 1.1715 7.6185

Sub-Urban

1st 2.8764 16.9760 0.6242 6.9895

2nd 3.0581 16.6198 1.3698 8.3341

3rd 2.8364 20.4334 1.1715 7.6185
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(a)

(b)

Figure 5.34: Comparison of results in high rise and sub-urban scenarios (1st

location)

GMM estimated parameters at 580 MHz for high rise building and sub-urban

scenarios are given in Table 5.3. From the result of previous section, it seems that

the measured and GMM fitted shadowing CDF has similar distribution function.

Here, Kolmogorov-Smirnov (K-S) test is used as goodness of fit with the con-

fidence level p=0.01 (corresponding to null hypothesis rejection level of 1%) to

determine the suitability of proposed shadowing GMM for the measured shad-

owing histogram. Additionally, mean relative difference (MRD) is used as error
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vector to quantify the difference between measured and estimated CDF. All the

comparisons and results are presented in Table 5.3.

Table 5.3: GMM estimated parameters and error metrics

Scenario Location
Gaussian Mixture Model Parameters MRD

Error

K-S

(p=0.01)πk1,

µ1,

σ2
1

πk2,

µ2,

σ2
2

πk3,

µ3,

σ2
3

πk4,

µ4,

σ2
4

πk5,

µ5,

σ2
5

High Rise

1

0.2523,

-7.6205,

65.9316

0.2654,

11.0010,

131.3629

0.2173,

-22.6031,

17.8490

0.1992,

-25.4295,

2.9271

0.0658,

23.7330,

437.0285

0.0025 Passed

2

0.0805,

-24.7468,

1.2685

0.1844,

26.7005,

187.6821

0.4760,

1.1201,

74.4606

0.2564,

-20.1768,

21.4831

0.0026,

77.9493,

82.8843

0.0018 Passed

3

0.2382,

-17.3596,

25.6137

0.0959,

35.8905,

152.2273

0.3771,

1.7384,

82.8142

0.1346,

-21.8231,

3.3543

0.1541,

14.3665,

90.8035

0.0013 Passed

Sub-Urban

1

0.0446,

22.0697,

200.5914

0.1095,

-12.3799,

0.3242

0.4140,

10.5046,

117.2615

0.4182,

-10.0037,

8.3556

0.0137,

38.5997,

18.9466

0.0051 Passed

2

0.0858,

29.1089,

135.1237

0.2093,

-8.5186,

25.6716

0.2269,

10.1966,

52.9556

0.1221,

13.2437,

110.9409

0.3560,

-12.7139,

6.1243

0.0028 Passed

3

0.1149,

-12.4438,

0.1481

0.3053,

-10.2807,

4.9919

0.0226,

41.8918,

553.0756

0.2424,

-6.9826,

26.5606

0.3148,

16.0950,

91.6854

0.0023 Passed

Results comparisons show that high rise building scenario has more shadowing

at all frequencies which ranges from σ = 22.1880 dB to 45.5193 dB, compared

to the sub-urban shadowing which ranges from σ = 15.1126 to 20.4334 dB. Sub-

urban scenario has low path loss coefficient in a range of n = 2.4135 to 3.0581,

compared to high rise buildings which ranges from n = 3.0822 to 3.9742. Results

show that the log normal model is only suitable for path loss coefficient (n)

estimations whereas proposed GMM can be used to model shadowing (σ) for air

to ground channel in TVWS frequency band. Ray tracing simulations presented

in this section can be extended to find channel parameters in multiple frequency

bands. The methodology to calculate channel parameter from a simple aerial

image/3D model (c.f.Figure 5.1) can be used to generate extensive training and

testing data set for machine learning algorithms to find channel parameters which
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is an important topic among most of the researchers.
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Chapter 6

Conclusion

Spectrum sharing is the utmost requirement to tackle the issues of increasing

data traffic and demand of high speed communications. Extensive research has

been done for spectrum sharing in TVWS and that shows the great possibility

of providing high performance for next generation systems. To analyze these

systems, an effective channel modeling is necessary. In this work, TVWS wireless

channel characteristics have been studied based on a measurement campaign in

indoor-indoor, indoor-outdoor and air-ground channel environments.

For indoor-indoor environment, several existing models have been analyzed

and their modeling accuracy is assessed by comparing with measurement results.

Considering that the effect of glass windows and doors is neglected in previous

models, a new model is proposed that not only models the effect of distance and

walls on propagation loss but also models the effect of floors, doors and windows in

the environment. Results indicate that the proposed model has better estimation

accuracy in terms of standard deviation of estimation error compared to previous

models.

For indoor-outdoor, propagation characteristics have been studied. After de-

termining parameters for log normal shadowing model, it is observed that there

are low and high shadowing zones. A distance threshold is determined to separate
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zones and new model is created. New channel model with multiple zones reduced

the RMSE for all distances and transmission frequencies.

For air-ground, measurements based on ray tracing simulations were taken on

three different TVWS frequencies. Two different types of scenarios were analyzed

which includes high rise buildings and sub-urban. Wireless channel parameters

were calculated using log normal shadowing model. Results indicate that high

shadowing zones was found in high rise buildings scenarios while sub-urban sce-

nario has low path coefficient. Results shows that log normal model (for path loss

coefficient) and proposed GMM (for shadowing) turned out to be an acceptable

model to analyze air-ground channels in TVWS frequency bands.

Conclusively, the new models can be used to improve link budget, interference,

and cell design analysis of TVWS communication systems.
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