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ABSTRACT

Indoor and Outdoor 5G Diffraction Measurements and

Models at 10, 20, and 26 GHz

This report presents diffraction measurements, analysis, and signal strength prediction
models around objects such as corners, pillars, and irregular objects, at 10, 20, and 26
GHz. The measurement results and models will be helpful for wireless system engineers
to simulate potential channel loss from diffraction around objects and the impact of
diffraction at centimeter-wave and millimeter-wave frequencies in indoor and outdoor
environments. The measurements were conducted indoors and outdoors by using a con-
tinuous wave channel sounder with three pairs of identical directional horn antennas
at the transmitter and receiver. The measurement results are compared with theoreti-
cal predictions based on the Knife Edge Diffraction (KED) in order to determine how
well the theoretical model compares to real-world measurements. An empirical creep-
ing wave model with a fixed reference point is also presented and provides a better fit
to the measured data in the outdoor environment for the co-polarized antennas. The
model validation and new models may be used in ray-tracers and other wireless network
simulators by wireless engineers. From the measurement results, diffraction is expected
to be less important at mmWave than cmWave due to smaller wavelengths, and diffrac-
tion is not a major propagation mechanism in microcell and femtocell deployments with

directional antennas.
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Chapter 1

Introduction

The growth of mobile communications and advances in wireless technology are leading
the world towards a fully connected network society. In order to support increasing
capacity demand, future wireless systems are expected to operate in higher centimeter-
wave (cmWave) and millimeter-wave (mmWave) frequencies, harmoniously with the
saturated sub-6 GHz frequencies of current cellular systems [1]. The performance of a
radio communications system is strongly determined by the propagation mechanisms
that give rise to the received signals [2]. In many situations, mechanisms such as at-
tenuation due to transmission through obstacles [3], depolarization, specular reflection,

diffraction, or scattering will significantly improve or limit the quality of the radio link.

The development of cmWave and mmWave communication systems will require accurate
models of radio channel properties [4-6]. While the feasibility of signal transmission
in the mmWave frequency range has been successfully demonstrated [7-9], the reliable
prediction of coverage and system performance based on computer simulation and design
tools, such as ray tracers, requires accurate knowledge of reflection, scattering, and
diffraction effects. These mechanisms are important to understand at cmWave and
mmWave frequencies because of the small transmission wavelength and also the need
to overcome the additional free space path loss in the first meter of propagation when
compared with traditional UHF /microwave frequencies [10, 11].

1
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Diffraction is a phenomenon that occurs when a wave encounters an obstacle or obstruc-
tion, and is often described as the bending of a wave around an obstacle or obstruction
[2]. When a mobile user turns around the corner, moving from a line-of-sight (LOS)
environment to a non-LOS (NLOS) environment, the user is still able to receive a signif-
icant signal strength. Diffraction plays a significant role in directing signals to regions
that would otherwise receive little or no signal [12]. In today’s cellular systems, diffrac-
tion is a relatively strong propagation mechanism, however, as we move to mmWave
bands, due to the small wavelength, the attenuation of a diffracted wave may be quite
severe and in fact may be too lossy to be relied on for mmWave propagation [1, 13].
The purpose of this report is to investigate on the diffraction mechanism in cmWave

and mmWave bands and develop models that can accurately predict diffraction.

1.1 Motivation

This report focuses on diffraction measurements around building corners and irregular
objects at 10, 20, and 26 GHz in indoor and outdoor environments. These measurements
were performed in order to understand, quantify and model the behavior of diffraction
mechanism. This report is concerned with the additional loss that an obstructing build-
ing corner introduces into a radio link, which is in excess of free-space path loss, also

called diffraction loss.

The basic motivation of this work is the need for development of accurate and general
diffraction loss models with simple calculation, which can be used in building ray trac-
ers for cnWave and mmWave. The results of this study are useful for development of
ray-based channel models, as well as for calibration of existing ray tracing tools. The
ability to accurately predict the effects of the propagation environment on a communi-
cations channel is essential in the development and optimal design of future mmWave

communications system. Current methods of channel characterization, while having the
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advantage of simplicity, do not adequately address the issue and there is a need for

significant improvement in the prediction of radio wave propagation.

1.2 Contribution

This report makes the following contributions:

e This report presents measurements at three cmWave and mmWave frequencies:
10, 20, and 26 GHz for indoor and outdoor environments, and compares results in
these three frequencies to investigate the frequency dependence of the diffraction

models.

e The diffraction measurements are conducted at building corners and irregular ob-
jects of different material types, to investigate on the dependence of material and

shape of the object.

e The extensive diffraction measurements make the results more reliable compared

with the previous diffraction measurements with few data points.

e Comparison of measurement results to electromagnetic theory and measurements

made by other researchers.

e Development of simplified mathematical models that can accurately characterizes
the diffraction measurement results. Measurement results are used to validate

mathematical models.

1.3 Organization

Chapter 2 introduces a comprehensive literature review of diffraction measurements and
models. Chapter 3 presents diffraction theory, as well as Knife Edge Diffraction model,

Geometry Theory of Diffraction model and a creeping wave model based on diffraction
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over a convex surface. Chapter 4 describes the measurement hardware, measurement
environments, and measurement procedures. Chapter 5 presents the indoor diffraction
measurement results and analysis, and Chapter 6 presents the outdoor diffraction mea-

surement results and analysis. Chapter 7 concludes the entire report.



Chapter 2

Literature Review

2.1 Diffraction Measurements

Over the past few decades, diffraction has been thoroughly studied at conventional
bands below 6 GHz [14-16], yet it has not been sufficiently explored in the cmWave and

mmWave bands.

2.1.1 Diffraction Measurements below 6 GHz

Future wireless communications are expected to serve densely populated urban areas
with the deployment of many small cells. Therefore, resolution of urban areas in-
creases as well as the impact of individual buildings on signal strength. Russell et
al. proposed a deterministic site-specific propagation prediction approach that applied
Fresnel-Kirchhoff diffraction theory to a collection of arbitrarily oriented buildings of
simple shapes noindent [15]. In their software, building edges were constructed using
finite knife-edge models and every possible diffraction path was simulated using a ter-
rain diffraction method that recursively computed the multiple diffraction introduced
by successive diffracting edges. The buildings were approximated with simple rectan-

gular volumes which provided necessary information to compute the diffraction models.

5



Chapter II. Literature Review 6

The simulation results were compared with measurements conducted at 914 MHz, show-
ing that the transition regions were well predicted and the diffraction predictions gave

worst-case estimations of the signal strength.

Zhang proposed a fast two-dimensional (2-D) diffraction model in a horizontal plane for
site-specific propagation prediction for TX and RX antennas lower than the surrounding
buildings in urban micro cell (UMi) environments [16]. A number of CW measurements
at 900 MHz and 1800 MHz were performed in the city of Helsinki, Finland. The re-
sults showed that without a building height database, the fast 2-D diffraction model was
in good agreement with measurements in most cases for NLOS locations. There were
three novel efforts in the 2-D diffraction model; an extended formula for multiple forward
diffraction, a novel equivalent source simplification for parallel street level scenarios, and
the inclusion of reflections from curved surfaces of street building corners. The compu-
tation time for the 2-D diffraction model was significantly reduced; by introducing the
extended formula, the computation time was 1/n less than the existing formula. More-
over, the good agreement between measurement results and simulation results validated
the accuracy of the 2-D model which overcame the limitation and difficulty of traditional

methods for multiple diffraction.

2.1.2 Diffraction Measurements above 6 GHz

Channel characteristics and phenomena at 10 GHz have been investigated for a few
decades, but few diffraction measurements were conducted at this frequency [17]. Tervo
et al. presented results and analysis of diffraction measurements around a building
corner at 10 GHz using a 4-port vector network analyzer (VNA) and virtual antenna
arrays at the TX and RX. As observed in diffraction measurements at other frequencies,
a small change in the antenna position were observed to incur large diffraction loss,
especially when the direct path and diffracted path both exist. The virtual antenna
arrays were used to enable antenna shifts in only a fraction of a wavelength, in order to

observe the propagation as a transit from LOS to NLOS environments. Angle of arrival
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analysis was carried out to distinguish the diffracted path from other multipath. The
analysis of corner diffraction showed that a building corner at 10 GHz can be modeled
by the Knife-Edge Diffraction (KED). The results can be used for path loss estimation of
diffracted paths, and can provide a valid diffraction model for ray tracing (RT) analysis

at 10 GHz.

Tenerelli et al. presented a building corner diffraction measurement campaign at 28
GHz using a continuous wave (CW) transmission and they used a simple model to
predict building corner diffraction loss [18]. The measurements employed a 2.5° parabolic
antenna at the TX and a horn antenna with a 17° HPBW at the RX. The measurements
were conducted at three separate buildings with 90° sharp corners, for T-R separation
distances (path lengths) that ranged from 39.1 m to 50.0 m. Common building materials
of brick and concrete block (with rougher surfaces) were investigated. The measurement
results showed that the diffraction loss increased as diffraction angle increased (as the RX
moved into the shadow region of the building corner). Specifically, for “small diffraction
angles” (from 0° to 5°), the diffraction loss exhibited a logarithmic growth as diffraction
angles increased. For “large diffraction angles” (from 5° to 40°), the diffraction loss grew
linearly as the diffraction angles increased. This paper developed a simple mathematical
model for two measured diffraction angle clusters: “small diffraction angles” and “large
diffraction angles”, due to the different performance in these two regions. In addition,
the results indicated that the dependence on building materials was small, but still
noticeable. The concrete block corner attenuated the signal by 3 dB more than the brick
corner for diffraction angles from 5° to 40°. The measured diffraction loss indicated a
lack of dependence on polarization (typical differences of 1.5 dB between two linear

polarizations).

Alejos et al. investigated propagation mechanisms and measured electromagnetic prop-
erties of common building materials in order to validate the applicability of site-shielding
techniques for the 40 GHz frequency band [19]. The idea of site-shielding is to isolate

radio terminals from unwanted transmissions and to reduce co-channel interference, by
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taking advantage of attenuation and depolarization induced by obstacles. Therefore,
site-shielding techniques require an accurate characterization of propagation mecha-
nisms, specifically transmission and reflection. Several measurement campaigns were
conducted to characterize different scattering mechanisms, including direct transmission
(penetration), depolarization, specular reflection, and wedge diffraction. The campaigns
tested various common building materials that included wood, plywood, chip wood,
plasterboard, glass, mortar, reinforced concrete, and brick. The measurement results
were compared with theoretical models for the previously described scattering mecha-
nisms. The internal successive reflection (ISF) model demonstrated better performance
than the Fresnel model for transmission and reflection mechanisms, since the ISF model
considered the width of obstacles. The paper presented site-shielding attenuation factors
(SSAF) for different building materials, and defined a new shielding parameter called
the site-shielding normalized attenuation factor (SSANF) as a function of the material
thickness. The attenuation results showed that various materials, such as brick, mortar,
and concrete walls, exhibited large attenuation (large SSANF values) in decibels per
centimeter, and can be considered as shielded base stations, in order to reduce the fre-
quency reuse distance in radio cellular networks. The measurement results demonstrated
that reflection and diffraction cannot be neglected for the 40 GHz band, and indicated
that there was a significant diffracted field in the shadow region of brick corners. The
Luebbers and Holm diffraction models were found to overestimate the diffraction field

in the shadow region, which can in fact be simplified to a linear angular dependence.

Jacob et al. presented extensive measurements and ray tracing based investigations of
diffraction for 60 GHz and 300 GHz indoor propagation channels for current and future
communications systems operated in mmWave and sub-mmWave bands [20]. Three
types of diffraction measurements were performed, namely the angular dependence of
diffraction, diffraction around closed objects and the effect of human-induced shadowing.
The measurements employed a VNA connected with external transmit and receive test
heads, and 20 dBi WR-15 and WR-3 standard gain horn antennas with similar antenna

patterns. The angular dependent measurements investigated diffraction attenuation
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caused by metallic and wooden edges, wedges, and cylinders, which were typical shapes
of objects in the indoor environments. The movement of these objects through a direct
path on a translation stage were studied. Furthermore, the impact of human-induced
shadowing was measured. The measurement results were compared to predictions from
the commonly used KED and uniform geometrical theory of diffraction (UTD) models,
to validate the applicability of these models at 60 GHz and 300 GHz. A ray tracing tool
was employed to assess the impact of diffraction on transmission channels for 60 GHz
and 300 GHz communication systems. The results were presented in terms of coverage

maps, the average path loss, and the temporal channel characteristics.

Lu et al. conducted 60 GHz narrowband measurements to investigate diffraction at
building corners, and scattering caused by cars, lampposts, and buildings, as well as
blockage by humans [21]. The measurements employed a pair of V-band horn antennas
with 24 dBi of gain and 11° half-power beamwidth at TX and RX. For diffraction and
scattering measurements, the TX and RX antennas were placed at a height of 1.33
m above the ground to emulate a mobile-to-mobile scenario. A building corner was
modeled as a conducting right angle wedge and an absorbing screen with a knife-edge.
The results of the diffraction measurements at 60 GHz were found to be well predicted
by the absorbing screen diffraction model with standard deviations of error less than
2.6 dB. Scattering measurements around cars and lampposts showed that the minimal
scattering loss was found near a specular direction. The comparison of the contributions
from scattered rays and diffracted rays in a NLOS environment indicated that vehicular
and lamppost scattering was dominant compared to the building corner diffraction.
This indicated the need to include scattering models of common urban furniture in
mmWave propagation simulators. Human blocking measurements were performed for
mobile to mobile (the TX and RX antennas were placed at 1 m height) and access link
scenarios (the TX antenna was elevated to 2.65 m and the RX antenna was 0.9 m). The
measurements were recorded as human blockers moved from the TX to the RX antenna.
The human blockers were modeled as semi-infinite absorbing screens with knife-edges.

The results showed that the absorbing screen model was quite accurate in computing
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human blockage loss with the error standard deviations between measurements and

prediction less than 5 dB.

It was concluded by Hansryd et al. from Ericsson that small cell backhaul in bands
above 20 GHz outperformed sub-6 GHz systems under most NLOS conditions, and
therefore the vast amount of spectrum available above 20 GHz can provide fiber-like
multi-gigabit capacity as well as high backhaul performance for small cells in NLOS
locations [22]. The paper investigated three main propagation mechanisms in NLOS
scenarios, namely, diffraction, reflection, and penetration. Diffraction loss was known
to be proportional to both the sharpness of the edge the wave encountered and the
frequency of the wave, and consequently, the diffraction loss at higher frequencies (above
6 GHz) was too high to deploy feasible systems considering the diffraction loss. In the
paper, diffraction measurements at 5.8 GHz and 28 GHz were presented with the TX
antenna positioned on the roof of an office building and the RX antenna located on a
mobile lift placed 11 m behind a parking garage with a height of 13 m, which blocked
the LOS path. The effect of diffraction was measured by lowering the mobile lift below
the LOS path. The measured results compared well with the theoretical knife-edge
models, however, due to the simplicity of the model, the theoretical diffraction losses
were slightly underestimated. The differences were compensated by simply adding a few
extra decibels to the loss margin. The comparison between 28 GHz and 5.8 GHz showed
that the 28 GHz system can provide signal at farther NLOS locations than the 5.8 GHz
system, due to higher link margin. The full throughput of 400 Mbps was achieved at 28
GHz up to 6 m below the LOS path, while the 5.8 GHz system dropped to under 50 Mbps
at 3 m below the LOS path. In terms of diffraction, the 28 GHz system outperformed

the 5.8 GHz system with comparable antenna size.

Maltsev et al. conducted diffraction measurement in a library room with half of the RX
antenna track in the LOS environment and other half of the track blocked by a metallic
bookshelf [23]. The bookshelf can be approximately considered as infinitely thin in order

to apply KED. It was showed that the signal power drops by 20 dB when bringing the
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antenna into the shadow region by 80 mm. This confirmed that the propagation due to

diffraction is not significant for 60 GHz WLANSs.

It is worth noting that experimental results from [24] have also demonstrated that even
human blockage of a millimeter-wave link (at 60 GHz) can be described with a good
accuracy with knife edge diffraction theory. The measured attenuation of a human body

at 60 GHz was estimated to be in the range from 10 to 30 dB [24, 25]

Kvicera et al. presented terrain diffraction measurements condected at 2, 11, and 38 GHz
[26]. It was observed that the diffraction loss increased with frequency, and decreased
with RX antenna height. A very good match between measurements and predictions
can be found for the highest heights of the Rx station, while differences between mea-

surements and predictions were about 10 dB for the case of lowest Rx heights.

Rodriguez et al. presented a detailed measurement-based analysis of urban outdoor and
outdoor-to-indoor propagation characteristics at 38 GHz [27]. Different sets of mea-
surements were performed in order to understand, quantify and model the behavior of
the different underlying propagation mechanisms, considering line-of-sight propagation,
reflection, scattering, diffraction, transmission, as well as polarization effects. it was con-
cluded that propagation in urban outdoor scenarios at 38 GHz was mainly determined by
line-of-sight propagation and reflection. In the scenario considered, a maximum reflec-
tion loss of approximately 20 dB was found for normal incidence over a modern building.
Diffraction loss was found to be very strong, and predictable by using simple knife-edge
calculations. The different measurements in NLOS conditions, confirmed how reflection
becomes dominant over diffraction for interaction angles larger than 5°, which in typical
urban scenarios is translated into a distance of just a few meters inside street canyons.
Polarization issues were also addressed, finding a very similar behavior for both vertical

and horizontal polarizations.
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2.2 Geometrical Theory of Diffraction

KED is the most widely adopted model for making deterministic predictions of diffrac-
tion loss. There have been many cases in the literature, where the knife edge diffraction
model was reported to have a reasonably good agreement with the measurement data.
And KED approximation has received wide application for path loss prediction due
to its simplicity. However, in other cases, poor agreement was observed, because the
KED approximation ignores the material of the object, shape of the object and antenna

polarization [28].

In the 1800’s, Thomas Young, made his initial attempt to explain the phenomenon
of wave bending around edges as diffraction in his single-slit and double-slit experi-
ments. In the 1950’s, Joseph Keller first introduced a profound and revolutionary theory
of diffraction, which was referred to as the Geometrical Theory of Diffraction (GTD)
[29]. The GTD, for the first time, systematically represented diffraction waves in terms
of rays, and viewed the diffraction rays as an extension to Geometrical Optics (GO),
which is associated with direct, reflected, and refracted rays. The GO rays, which obey
Fermat’s principle, can describe incidence, reflection, and refraction of electromagnetic
(EM) waves and thus result in a zero EM field in shadow regions of impenetrable obsta-
cles. The diffracted rays introduced by Keller, can penetrate into the shadow regions,
and therefore overcame the failure of GO for not considering the diffraction effects. The
GTD is widely adopted in industries and academia, since it provided a vivid physical
image for wave mechanics in terms of rays, and avoids the computational complexity of
integration. The GTD field can be expressed as the sum of the GO field and diffracted
field, where the GO field is most dominant. GO rays can be characterized by the reflec-
tion and transmission coefficient, and diffracted rays can be characterized by diffraction
coefficients, which can be solved by the asymptotic high frequency solution. The GTD
exhibited a singularity at the shadow-boundary transition region and caustics. The size
of the transition regions depends on the angular distance from the shadow boundary

and frequency. In order to use the GTD in solving practical EM problems, the Uniform
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Geometrical Theory of Diffraction (UTD) was developed to improve Keller’s original

version of GTD, such that the total field was bounded and continuous.

In 1947, Kouyoumjian and Pathak first introduced the uniform geometrical theory of
diffraction for an electromagnetic wave incident on an edge for a perfectly conducting
surface [30]. Since then, researchers around the world have proposed various solutions for
approximating diffraction coefficient in UTD for diffraction on wedges with impedance
faces. These solutions can be generally categorized into rigorous solutions and heuristic
solutions. Most of the rigorous solutions were computationally prohibitive for real-
time propagation prediction, and because of this the diffracted rays were neglected for
simplicity purposes in early propagation prediction models. Heuristic solutions offered
efficient evaluation of the diffracted field, but could not provide an accurate estimation
of the diffracted field in the shadow region. In order to improve the estimation of wedge
diffraction, Wang et al. introduced a new solution to approximate the diffracted field
within the context of the UTD, and exploited the inverse problem theory to find a
better approximation of the diffraction coefficient at a faster computation speed [31].
The comparison with one rigorous solution and two heuristic solutions showed that the
proposed modeling method was advantageous, due to a simpler calculation than the

rigorous solution and higher accuracy than the two heuristic solutions.

In 1994, Erceg et al. from Bell Laboratories proposed two modeling approaches to pre-
dict the received signal power in urban and dense suburban environments, by combining
ray theory and the uniform geometrical theory of diffraction (UTD) [32]. At lower
frequencies (less than 2 GHz), they suggested using the Power-of-Complex-Sum (PS)
method, where the total signal power was obtained by summing the individual complex
rays, while at higher frequencies (larger than 2 GHz), it was more suitable to use the
Sum-of-Individual-Ray-Powers (SP) method, where the total signal power was obtained
by summing the individual ray powers. Theoretical predictions were compared with the

measurement results at 900 MHz, 2 GHz, and 6 GHz. The 900 MHz CW measurements
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were conducted in downtown Manhattan, NY, and the 2 GHz and 6 GHz CW measure-
ment data were performed in Boston, MA. The TX antenna was set at a height of 10 m
(below the rooftops of the surrounding buildings), located in the intersection of a cross-
road (for 900 MHz and 2 GHz measurements), and the RX antenna was set at a height
of 2 m. The measurement results were in agreement with the theoretical analyses and
the experimental data for different frequencies and locations. For the 900 MHz measure-
ment, the PS prediction method provided better agreement with the experimental data
than the SP method. Both methods demonstrated similar performance in evaluating
the signal path loss at 2 GHz. For 2 GHz and 6 GHz measurements, the SP method
exhibited better performance (smaller prediction error) than the PS method. Further-
more, the 900 MHz and 2 GHz measurements showed diamond-shaped cell coverage

approximations with the TX antenna located in the intersection of a crossroad.

Imai et al. proposed a method to calculate multiple diffraction losses, in order to improve
the propagation prediction accuracy of ray tracing technique. Ray tracing is a method to
predict propagation loss based on Geometrical Optical (GO), where rays launched from
the TX reach to the RX through transmission and multiple reflection and diffraction [33].
The arrival time of each ray is calculated based on the length of the GO path from the
TX to the RX, and the field strength of each ray is obtained by calculating transmission
loss, reflection loss, and diffraction loss through the GO path. The transmission and
reflection loss can be calculated by Fresnel’s transmission and reflection coefficients, and
diffraction loss can be calculated using GTD. An imaging method was developed to
determine the exact path through transmission and multiple reflections from the TX to
the RX. Imai et al. introduced a method to determine the exact path through multiple
diffractions. Imai’s method of calculating multiple diffraction losses combined with the

imaging method, provided a rigorous prediction of the propagation loss.

The Geometrical Theory of Diffraction model has advantages of including finite conduc-
tivity, local surface roughness effect, and diffracting edge profile. The GTD is three-

dimensional, at the expense of computational complicity, it can be used to predict path
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loss effects of three-dimensional irregularities.

Methods for calculation of diffraction coefficients for metal or materials with finite con-
ductivity were developed [28, 30, 34, 35]. A comparison among the perfectly absorbing
wedge method, UTD, and UTD heuristic methods can be found in [36]. It is found that

errors given by these three methods are comparable.

Rizk et al. [37] proposed a method to include the slope diffraction from wedges to
improve the accuracy of calculation of the diffracted field in transition regions using
classical UTD. Several decibels (approximately 6 dB) of improvement can be achieved.
The diffraction from building corners (wedges) is taken into account in [38]. New diffrac-
tion coefficients for objects with finite conductivity are developed [32]. The artificial dip
in the usual diffraction calculation is removed. Comparison with FDTD shows that the

results of the new method are of good accuracy.

Anderson presented measurements of the electric field around a building corner at 1823
MHz with an unmodulated sine-wave carrier and compared the measurement results
with the theoretical prediction using the UTD for dielectric wedges and simple specular
ground reflections [39]. The measurements were taken every 0.5 m along tracks starting
from LOS region to shadow region. A directional horn antenna with a HPBW of about
26° was used at the TX side, and an omnidirectional antenna with 0 dB gain was used at
the RX side. A spectrum analyzer were used to measure the amplitude of the received
signal. The predicted results showed an oscillatory pattern in the LOS region due to
direct and diffracted wave adding in and out of phase but since the spacing between
measurement points was too wide to discern the oscillating pattern. At the shadow
boundary, the field strength fallen by about 20 dB from its average LOS value. In the
shadow region, the filed continues to decrease as bending angle around the corner got
increasing acute. These measurements also showed that signal penetration through the

corner of the building was negligible.

Nechayev et al. presented comparison of the predictions of theoretical wedge diffrac-

tion models with measured diffraction coefficients at 2.4 GHz, and demonstrated that
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the widely used heuristic diffraction coefficients were not applicable in the case when
backscattering occurs [40]. A method of modifying the heuristic diffraction coefficients
to mitigate this problem was suggested, which resulted in an improved prediction in the

backscattering scenario in the deep shadow region.



Chapter 3

Diffraction Theory and Models

3.1 Khnife Edge Diffraction Model

The knife-edge effect can explained by Huygens—Fresnel principle, which states that a
well-defined obstruction to an electromagnetic wave acts as a secondary source, that is all
points on a planar wavefront can be considered as point sources which produce secondary
wavelets, and these wavelets combine to create a new wavefront in the direction of
propagation [2]. This new wavefront propagates into the geometric shadow area of the
obstacle, resulting in the phenomenon of diffraction. A knife edge difracction object in

free space would induce a loss that increases as the square of the frequency.

Assume a transmitter and receiver separated in the free space as shown in Fig. 3.1 and
Fig. 3.2. It is advantageous to simplify the geometry by reducing all heights by the
smallest height without changing the values of the angles, as shown in Fig. 3.3. Let
h be the effective height of the obstructing screen with infinite width placed between
the TX and RX at the distance d; and ds, respectively. The wave propagates from the
TX to the RX through the top of the screen, which is a longer distance than a direct

line-of-sight (LOS) path. Assume that h << dj,dy and h >> X, with the difference

17
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between the diffracted path and LOS path called excess path length (A), which can be

calculated from the geometry of Fig. 3.3 as:

h2 (d1 -+ dg)
N ———— 2 3.1
2 didsy (3.1)

The corresponding phase difference ¢ is:

_ 2rA 27rh72(d1 + da)

= — 3.2
¢ A A2 dido (3:2)
and when tanx &~ z, then a =~ 8 + v (from Fig. 3.3), and
(d1 + da)
~ h(——= .
a () 3:3)

The function for phase difference is commonly normalized to use the dimensionless

Fresnel-Kirchoff diffraction parameter v which can be written as:

2(d1 + dg) 2d1ds
—h L — e B 3.4
v Mids M@+ da) (34)

Therefore, the phase difference between a direct LOS path and diffracted path can be
expressed in a convenient form as

¢ = gﬂ (3.5)

Diffraction loss as a function of path difference can be explained by Fresnel zones. Fresnel
zone is a series of concentric ellipsoidal regions where secondary waves travel a path from
the TX to the RX nA/2 longer than the direct LOS path, e.g. the first zone is the ellipse
with chords A/2 longer than the direct path, resulting in constructive and destructive
interference as the different length paths go in and out of phase. If there are reflective
surfaces along the direct path between the TX and RX, the waves reflecting off those

surfaces may arrive either out of phase or in phase with the signals that travel directly
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FI1GURE 3.1: Knife edge diffraction geometry when the transmitter and receiver are at the same
height. The point TX represents the transmitter and RX represents the receiver, with an infinite
knife-edge obstruction blocking the line-of-sight path.
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F1cURE 3.2: Knife edge diffraction geometry when the transmitter and receiver are not at the
same height. The point TX represents the transmitter and RX represents the receiver, with an
infinite knife-edge obstruction blocking the line-of-sight path.

to the RX. Waves that reflect off of surfaces within an even Fresnel zone create signals
with phase shifts of 180°, which are out of phase with the direct path wave and reduce
the power of the received signal. Waves that reflect off of surfaces within an odd Fresnel
zone create signals with phase shifts of 360°, which are in phase with the direct-path

wave and can enhance the power of the received signal.
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d, d,

FIGURE 3.3: Equivalent knife edge diffraction geometry where the smallest height (in this case
h,) is subtracted from all other heights. The point TX represents the transmitter and RX
represents the receiver, with an infinite knife-edge obstruction blocking the line-of-sight path.

Fig. 3.4 and Fig. 3.5 demonstrate the diagrams of the Fresnel zones. The radius of the

nth Fresnel zone circle is expressed by r;, in terms of n, A, d1, and ds

. n>\d1d2
T =1/ 0 dy (3.6)

For di,ds >> r,

Diffraction loss occurs from the obstruction blockage of secondary waves such that a
portion of the energy is diffracted and some of the energy reaches the RX, depending
on the obstruction geometry. The received energy in the shadow region is the vector
sum of the energy from the unobstructed Fresnel zones. In general, if the obstruction
does not block energy in the first Fresnel zone, the diffraction loss can be neglected. In
microwave mobile communication system design, as long as 55% of the first Fresnel zone
is not blocked, the further Fresnel zones do no have significant impact on diffraction

loss.

Diffraction loss over complex and irregular obstruction can be difficult to calculate, here
we focus on some simple obstructions, which can provide good prediction into the order
of magnitude of diffraction loss. Single objects, such as a corner or mountain can be

considered as a diffracting knife edge, which is the simplest diffraction model.

The electric field strength E4 at the RX is a vector sum of the the field of all secondary

Huygen’s source in the plane above the knife edge, which is given by
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FIGURE 3.4: 3-D geometry of the first Fresnel zone (n = 1). D is the distance between the TX
and RX, and r is the radius of the first Fresnel zone at point P. P is d; away from the TX, and
ds away from the RX.

FIGURE 3.5: Concentric circles which define the boundaries of successive Fresnel zones.

eik(ditd2) 1 4 jore . 9
E;=E : —IT /28 gt .
¢ O d) + dy 2 /1; ‘ (38.7)

where the diffraction parameter v can be written as

under the conditions that dy, ds >> h, and dy, do >> .
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Fig. 3.6 is knife edge diffraction simulation result for d; = 2 m and d» = 1 m at 10,
20, and 26 GHz. The diffraction loss for all frequencies is approximately 30 - 35 dB as
the diffraction angle increases (far away from the corner). Diffraction loss also increases
with frequency, due to decrease in wavelength.

Knife-edge Diffraction Models at 10 GHz, 20 GHz, and 26 GHz
ford1=2mand d2=1m

35 T T
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FI1GURE 3.6: Knife edge diffraction simulation when the transmitter and receiver are at the same
height for dy =2 m and dy = 1 m.

3.2 Geometrical Theory of Diffraction

Fresnel knife edge diffraction model has the advantage of simplicity and accuracy for
diffraction loss prediction for many geometries, but in some cases, the results are in
serious disagreement with measurements since it neglects the shape and material of the
diffracting surface [28, 41-46]. In this section, Geometrical theory of diffraction (GTD)

model will be introduced, which significantly improve the accuracy of the prediction.

Fig. 3.7 consider a field point in the shadow region, and the electric field in GTD

formulation at the field point is given by:

E E e_ijID —jks 3.9
GTD = Lo " S(S,+8)€ (3.9)
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FIGURE 3.7: Geometry and coordinates for application of GTD.

where D represents the diffraction coefficient. The diffraction coefficient depends upon
the polarization of the incident field on the edge. Assume the corner edge is perfectly
conducting, the diffraction coefficient when polarization of the incident field is parallel
to the plane of incidence is given as:

(/) sin(x/n) 1 1
+

Dy = n\2rk [cos(w/n) - cos(qﬁ;‘bl) cos(m/n) — cos(£EL

The diffraction coefficient when polarization of the incident field is perpendicular to the

plane of incidence is given as:

e—d(m/4)sin(r/n) 1 1 1)
nV2rk cos(m/n) — cos(¢_T¢,) cos(m/n) — cos(2E2) ‘

n

D, =

where ¢’ and ¢ are the angles of incidence and diffraction. n is the exterior edge angle.

The expression for diffraction coefficient of a perfectly conducting edge is provided as:

B _e—i(m/4) T+ (6 —¢) /
Dy = PP X cot(T) -F(kLa* (¢ — ¢'))
—|—Cot(ﬂ-_(§_¢/)) . F(kLa*((ﬁ _ ¢/))
no (3.12)
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B —e—i(m/4) T+ (¢ —¢) /
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where the Fresnel integral is calculated as:
F(z) = 2jy/zel® /OO e % dt (3.14)
Nz
at(B) = 2cos2(2mrN2+_ﬁ) and B=m+n
a (B) = QCOSQ(W) and B=n—m

in which N™ and N~ are the integers which most nearly satisfy the equations:

2rnNtT —(B) =7 (3.15)

2rnN~ — (B) = —n (3.16)

with

B=¢p+¢ (3.17)
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L is a distance parameter, which is defined for several types of illumination.

1
s+ s (3.18)

for cylindrical-wave incidence.

L=s (3.19)

for plane-wave incidence.

3.2.1 Diffraction From an Absorbing Screen

A rigorous study of diffraction by wedges having absorbing faces has been carried out
by Felsen [47]. For a plane wave with an incident angle of ¢, the results of the rigorous

approach give the GTD diffraction coefficient as:

—1 1 1 —1 1 1
D= Vonk w—¢—¢/+w+|¢—¢'|]: = {N%M] (3.20)

where ¢ is angle of the diffracted wave, and 6 is the diffraction angle, which is defined
as = 1 — (¢ — ¢'). All the angle values are in radians. The diffraction coefficient is

independent of the incident angle ¢’.

3.2.2 Diffraction From a Conducting Screen

A plane wave incident on a thin conductor screen will be reflected, so that the diffraction
coefficient must be singular at the incident wave shadow boundary. The GTD diffraction

coefficient is given as [47, 48]:

-1 1 I'g
D= . , 3.21
221k Losd’f cos ‘Hf] ( )
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where I'p = 1 is used for the polarization of the incident wave parallel to the edge. The
first term inside the bracket is singular at the shadow boundary of the incident wave
where ¢ = ¢’ + 7, and the second term inside the bracket is singular at the shadow

boundary of the reflected wave where ¢ = 7 — ¢'.

3.2.3 Diffraction From a Right-Angle Wedge

The GTD diffraction coefficient for a right angle conducting wedge is found to be [48]:

D=Di+ Dy + FE(Dg + D4) (3.22)
-1 T+ (¢p—¢")

D t 3.23

b2 27k «© 3 ( )
—1 ™+ (¢ +¢)

D34 = cot 3.24

T 3vark 3 (3.24)

where I'p = 1 is used for the polarization of the incident wave parallel to the edge. The
first two terms inside the bracket are singular along the shadow boundary of the incident
wave where ¢ = ¢/ + 7, and the other two terms inside the bracket are singular along
the shadow boundary of the reflected wave where ¢ = m — ¢’. The UTD diffraction
coefficient is given by multiplying each term in the above equation with a transition

function [48].

The magnitude of diffraction loss calculated using the diffraction coefficients from the

three equations (3.20) (3.21) (3.22) are plotted in Fig. 3.8, 3.9, 3.10, 3.11, 3.12, and

3.13 at 10, 20, and 26 GHz. The diffraction losses calculated from these models are

compared with the KED model at the same frequency. The wave number £ in these

2nf/er
¢

models is calculated k& = , where ¢, is the relative dielectric constant. In the

simulation, two values of the relative dielectric constant are used, which are ¢, = 5
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and €, = 10 [49, 50]. Fig. 3.8 and 3.9 show the magnitude of diffraction loss for the
KED model, absorbing screen model, conducting screen model, and right angle wedge
model at 10 GHz for relative dielectric constant e, = 5,10, respectively. Fig. 3.10
and 3.11 show the magnitude of diffraction loss for four different models at 20 GHz
for relative dielectric constant ¢, = 5,10, respectively. Fig. 3.12 and 3.13 show the
magnitude of diffraction loss for four different models at 26 GHz for relative dielectric
constant €, = 5,10, respectively. All the simulation results are converted and expressed
in degree, not in radians.

Diffraction Loss Simulation at 10 GHz
For € = 5 Using Different Models
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Ficure 3.8: Diffraction loss simulation at 10 GHz ¢, = 5 using the KED model, absorbing
screen model, conducting screen model, and right angle wedge model based on GTD.

3.2.4 Diffraction From A Convex Surface

The KED model is one of the most commonly used methods of prediction but can only
be used for sharp knife edges, and does not account for the radius of curvature of an
obstacle. Many natural terrain features and building features exhibit curved surfaces,

indicating that the radius of curvature should be accounted for.

A creeping wave is the wave that is diffracted around the surface of a rounded obstacle

such as a circular cylinder, as shown in Fig. 3.14. The asymptotic representation for
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Diffraction Loss Simulation at 10 GHz
For €= 10 Using Different Models
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Ficure 3.9: Diffraction loss simulation at 10 GHz ¢, = 10 using the KED model, absorbing
screen model, conducting screen model, and right angle wedge model based on GTD.

Diffraction Loss Simulation at 20 GHz
For €= 5 Using Different Models
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FicUre 3.10: Diffraction loss simulation at 20 GHz ¢, = 5 using the KED model, absorbing
screen model, conducting screen model, and right angle wedge model based on GTD.

the creeping ray field [12, 51-53] at the RX antenna behind the cylinder for an incident

plane wave is proportional to:

—jkdy

eﬁ ; Dy Ry, - exp(—thpa) (3.25)

E ~ Ege Ikt
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Diffraction Loss Simulation at 20 GHz
For €= 10 Using Different Models
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Ficure 3.11: Diffraction loss simulation at 20 GHz ¢, = 10 using the KED model, absorbing
screen model, conducting screen model, and right angle wedge model based on GTD.

Diffraction Loss Simulation at 26 GHz
For €= 5 Using Different Models

T T T I T

| |[—KED Model ]
—Absorbing Screen Model
—~Conducting Screen Model
—Right Angle Wedge Model 1

[e2]
o

[
o

N
o

Lit Region Shadow Region

N
o

Relative Loss (dB)

-10_ 0 ) 10 20 30 4‘0 50 60 70
Diffraction Angle « (°

40 -30 -20

FicUure 3.12: Diffraction loss simulation at 26 GHz ¢, = 5 using the KED model, absorbing
screen model, conducting screen model, and right angle wedge model based on GTD.
where E; is the incident field at the TX, ds is the distance from the launch point to
the RX antenna, k is the wave number, and « is the diffraction angle. D, is excitation
coefficient and 1, is the attenuation constance, which are functions of cylinder radius

and frequency:
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Diffraction Loss Simulation at 26 GHz
For €= 10 Using Different Models
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Ficure 3.13: Diffraction loss simulation at 26 GHz ¢, = 10 using the KED model, absorbing
screen model, conducting screen model, and right angle wedge model based on GTD.
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FiGURE 3.14: Diffraction by a circular cylinder

kph)é (3.26)

Do p (2

The mathematical derivation of the asymptotic representation for the creeping ray can
be found in [54]. A reasonable approximation can be obtained by keeping only the p = 1

term in (3.25). The representation of the creeping ray field is proportional to:

E ~ DyRy, - exp(—pa) (3.27)
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The diffraction gain/loss in dB due to the presence of an obstacle, as compared to the

free space signal, can be calculated as

G(o)[dB] = —P(a) = 20log g E = —A(Rp, f)pa + C(Rp, f) (3.28)

where A(Ry, f) and C(Ry, f) are functions of the radius of the object and frequency,
which are computationally extensive. According to (3.28), a creeping wave model [17]

can estimate diffraction loss from a curved surface at one frequency.

Pla)=n-a+c (3.29)

n is the slope value of the creeping wave model, which can be obtained from measurement
data using minimum mean square error (MMSE) estimation. c¢ is the anchor point of the
creeping wave model, which is determined to be 6.03 dB, corresponding to the diffraction

loss predicted by the KED model at the 0° diffraction angle.

3.2.5 Statistics Between Measurements And Prediction

The agreement between the measurement and theoretical prediction can be evaluated in
terms of two parameters: mean error (ME) and standard deviation (SD) [55]. The error
(in dB) between the measurement and the theoretical prediction for each diffraction

angle («) is defined as,

A(al)[dB] = Pmeas(ai) - Ppred(ai) (3.30)
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The ME is an indicator for the overall trend of the prediction and zero value of ME

indicates that the estimation matches well to the measurement, which is defined as,
1
ME[dB] = + Z A(ay) (3.31)

where N is the total number of diffraction angles measured in the shadow region.

The SD is computed as,

N 2
SD[dB] = ﬁ 3" (A(r) — ME)? (3.32)
=1

where N — 1 is used for sample standard deviation calculation [55].
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Measurement Environments and

Procedures

4.1 Measurement Overview

Diffraction is a natural phenomenon that occurs when a wave encounters an obstacle
or obstruction, and is often described as the bending of a wave around an obstacle or
obstruction. The measurements proposed in this document are designed to gain insight
into the phenomenon of diffraction around corners, pillars, and irregular objects in both
outdoor and/or indoor environments. The measurements were performed at 10, 20, and
26 GHz using a continuous wave (CW) channel sounder with directional horn antennas
at the transmitter (TX) and receiver (RX). The TX and RX antennas were located 1.4
m above ground level, for V-V (vertical-vertical) and H-V (horizontal-vertical) TX-RX

antenna polarization combinations.

33
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4.2 Measurement Hardware

The measurements were performed by transmitting an unmodulated CW tone at 10, 20,
and 26 GHz generated by an Agilent E8257D analog signal generator. The signal were
fed directly into a waveguide adapter that was attached to a directional horn antenna
(the TX set up is shown in Fig. 4.5). Fig. 4.1 shows a block diagram of the general TX
and RX systems to be used for the diffraction measurements. The TX and RX made use
of identical directional horn antennas. The flange type, antenna gain, and half-power-
beamwidth (HPBW) for measurements at each frequency are provided in in Table 4.1.
The size of these antennas are shown in Fig. 4.2. The far field distances of these antennas
are 0.47, 0,46, and 0.83 m at 10, 20 and 26 GHz, respectively. The received signal at
the RX antenna was measured by an Agilent E4407B spectrum analyzer. The TX and
RX antennas were held by waveguide standoffs (shown in Fig. 4.3) that were mounted
on rotatable gimbals. The standoffs held the antennas for either vertical or horizontal
polarization orientations. The gimbal allowed the antenna pointing angle to be adjusted
in the azimuth and elevation planes and fixed in specific angular directions for each
measurement procedure described below. The TX antenna was mounted on a tripod,
and the RX antenna on top of the gimbal was mounted on a 35.3 cm long linear track
(shown in Fig. 4.4). The linear track has a resolution less than 0.01 mm, and the antenna
position can be precisely controlled by a computer with LabVIEW software. The RX

set up is shown in Fig. 4.6 and Fig. 4.7).

L 1 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TS S E S EEEm s
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! Analog Signal Antenna ' ! Antenna E

! Generator ! ! Spectrum
e ______Analyzer ___________ Controller ___

FiGUrE 4.1: Block diagrams for the 10, 20, and 26 GHz measurements. The TX and RX
antennas are different for each frequency measured, but each have the same gain and similar
HPBW.
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TABLE 4.1: Antenna Parameters, including flange type, antenna gain, and half-power beam
width (HPBW) used for 10, 20, and 26 GHz measurements.

Measured Frequency | Flange Type | Antenna Gain | HPBW

10 GHz WR-75 20 dBi 17°
20 GHz WR-51 20 dBi 17°
26 GHz WR-28 24.5 dBi 10.9°

© Q) Q)

Tnvu TNYU I

WIRELESS WIRELESS
WR-28 Antenna

=

A

WR-75 Antenna

WR-51 Antenna

FIGURE 4.2: The horn antennas used in the diffraction measurements. WR-75 flange type is
used for 10 GHz measurement, WR-51 flange type is used for 20 GHz measurement, and WR-28
flange type is used for 26 GHz measurement.

4.3 Measurement Locations

4.3.1 Indoor Measurements

4.3.1.1 Corner Measurements

Indoor corner measurements were performed at two 90° right-angle corners made of
drywall and wood in the NYU WIRELESS research center on the 9 floor of 2 MetroTech

Center as shown in Fig. 4.8 and Fig. 4.9. The TX antenna was located on one side of
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FIGURE 4.3: Waveguide standoffs used to secure the TX and RX antennas.

N\

FIGURE 4.4: Schematic diagram of the RX linear track.

FIGURE 4.5: Measurement Set up at the TX side.

the corner, while the RX moved along a simulated arc using a linear track placed on the

other side of the corner.
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FIGURE 4.6: Measurement Set up at the RX side.

4.3.1.2 Irregular Object Measurements

Indoor irregular object measurements were performed at a plastic board with a thickness
of 2 cm outside NYU classrooms on the 9% floor of 2 MetroTech Center as shown in
Fig. 4.10. The TX antenna was located on one side of the board, while the RX moved

along a simulated arc using a linear track placed on the other side of the board.
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FIGURE 4.7: Measurement Set up at the RX side.

4.3.2 Outdoor Measurements

4.3.2.1 Corner Measurements

The outdoor building corner measurements were performed at a 90° right-angle corner
made of marble in NYU Brooklyn campus. Fig. 4.12 shows the outdoor corner mea-
surement location, and Fig. 4.13 shows the simulated measurement setup at the corner
using Google Sketch Up. The TX antenna was located on one side of the corner (along
the sidewalk), while the RX antenna moved along the linear track on the other side of

the corner (on an open area).
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FIGURE 4.8: TX and RX locations for indoor corner measurements in the NYU WIRELESS
research center on the 9*" floor of 2 MetroTech Center. The material of the corner is drywall.

FIGURE 4.9: TX and RX locations for indoor corner measurements in the NYU WIRELESS
research center on the 9" floor of 2 MetroTech Center. The material of the corner is wood.

4.3.2.2 Irregular Object Measurements

The irregular object measurements were performed at a stone pillar outside of the Dibner
Building as shown in Fig. 4.14. For the irregular object measurements, the TX antenna
was located on one side of the object, while the RX moved along the linear track on
the other side of the object. At the beginning of the measurements, the TX and RX

antennas were always pointed toward a common edge of the object. Fig. 4.15 shows
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FiGURE 4.10: TX and RX locations for indoor irregular object measurements outside NYU
classrooms on the 9'"' floor of 2 MetroTech Center. The material of the irregular object is
plastic.

measurements at the stone pillar and marble corner. Fig. 4.16 demonstrates a close look

at the five tested materials, including drywall, wood, plastic, marble and stone.

4.4 Measurement Procedures

4.4.1 Indoor Measurements

The indoor measurements were performed at 10, 20, and 26 GHz for V-V and H-V
antenna polarization configurations with the TX and RX antennas set at heights of 1.4
m above the ground. The TX antenna was located on one side of a corner, and the
RX antenna located on the other side of the corner was mounted on a rotating gimbal,
which moved along a linear track. The distance from the TX antenna to the edge of
the diffracted corner was in the far field of the antenna and the diffraction object and
was constant at 2 m (d;), and the distance from the edge of the corner to the RX

antenna was in the far field constant at 1 m (dz) as shown in Fig. 4.17 (for the 26 GHz
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FiGURE 4.11: TX and RX locations for indoor measurements outside NYU classrooms on the
9" floor of 2 MetroTech Center. Test materials include: drywall, plastic, and wood.

FIGURE 4.12: TX and RX locations for the outdoor marble corner measurements in NYU
Brooklyn campus.

antenna, the far field distance is 1.38 m, a little bit larger than dz). The TX antenna

was adjusted to point to the edge of the corner for three fixed incident angles (8), from
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gl
i

FIGURE 4.13: Simulated building corner measurement setup using Google SketchUp.

FIGURE 4.14: Pillar measurement location outside of the Dibner Building.

approximately 10° to 35°. The RX antenna moved along the track in step increments of
0.875 cm, which corresponds to approximately 0.5° increments of the diffraction angle
(o). The RX antenna was adjusted to point to the edge of the corner at each track
increment, with the RX power level measured by an Agilent E4407B spectrum analyzer.
For each track location, the 35.5 cm long linear track was used to measure a 20° swath

of diffraction angles in the horizontal plane (parallel to the ground). Five consecutive
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F1GURE 4.15: TX and RX locations for outdoor diffraction measurements on the NYU campus.
The test materials include stone and marble.

RX linear track locations were used to simulate a contiguous arc around the corner to
measure a 100° swath of total diffraction angles, which enabled the RX antenna to move
from the deep shadow region to the lit region. There were five consecutive RX linear
track locations formed in an arc, as shown in Fig. 4.20. The corresponding diffraction
angles for different incident angles can be found in Fig. 4.18 and Table 4.2. A free space
calibration was performed at each measured frequency at a TX-RX separation distance
of 3 m (di+ds = 3 m). The relative diffraction loss was obtained by computing the
difference between the calibration received power and the measured power level at each

diffraction angle measurement.
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FIGURE 4.16: The measured materials include drywall, wood, plastic, marble and stone.

e Measurement Preparation

1. Calculate a track and angle plan based on the TX and RX track location,
and write a LabView program to control the movement of the track and the

orientation of the gimbal at the RX side.

2. Place tape markers on the ground for three TX locations (TX1, TX2, TX3),
which correspond to three incident angles 5 (ranging from 10° to 40°) (refer
to Fig. 4.18). The TX locations are chosen to ensure that the distance from

the TX antenna to the edge of the diffracted corner is constant at d; = 2 m.

3. Place tape markers on the ground for six RX linear track locations (refer
to Fig. 4.18). The track locations were the same for different TX locations.
Since the total length of the track is 35.3 cm and ds is constant at 1 m, the
corresponding angle from one end to the other end of the track is 20° (refer

to Fig. 4.19). Note that the orientation of the linear track is perpendicular
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to the line drawn from the corner to the center of the track. During the
measurements, the RX track is initially located at the first track location
and subsequently moves to the other track locations for a total of 5 track
locations. The RX antenna moves along the track in steps of 0.875 cm, which
corresponds to a diffraction angle of approximately 0.5°. The movement of

the track and RX antenna forms an artificial arc route (refer to Fig. 4.20).

4. Measure the height of RX antenna, and adjust the height to be 1.4 m above
the ground level. Adjust the height of the TX tripod to ensure the height of

the TX antenna is identical to the RX antenna height (1.4 m).
e Measurement Procedures

1. Indoor diffraction measurements start with a free space calibration at a TX-
RX separation distance of 3 m (d;+ds = 3 m). The power level at 3 m is
used as a reference power level to calculate diffraction loss. Note that when
changing frequencies, a new calibration at that frequency is needed, although

individual frequencies are measured one at a time.

2. Set up the TX side, the TX antenna is placed at the first TX location (TX1)
for incident angle of 10°. Use laser pointer to make sure that the TX antenna

is pointed to the edge of the corner.

3. Set up the RX side, the RX track is placed at the first RX track location.
The RX antenna mounted on one side of the track is first be pointed to the
edge of the corner in the line-of-sight (LOS) environment. Fix the laser pen
on top of the RX antenna to make sure that the RX antenna is always be
pointed to the edge of the corner while the RX antenna is moved from one

side of the track to the other.
4. Measure the power level at the first RX antenna location (M1).

5. Move the RX antenna along the track in step increments of 0.875 cm, cor-
responding to approximately 0.5 © diffraction angle increments. Each RX

antenna increment corresponds to one measurement (M). For the first track
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location, the diffraction angle changes from 0° to 20°, corresponding to M1 to
M20. The RX antenna moves from a LOS environment to non-LOS (NLOS)
environment (shadow region). The computer adjusts the RX antenna point-
ing angle for every RX antenna movement and record the measured power

level from the spectrum analyzer at each track increment.

. Move the RX track to the next track location, and move the RX antenna to
the starting point on the track. Repeat the same procedures (Step 3 - 5) for

each RX track location set.

. Move the TX antenna to the next TX location, and repeat the same proce-
dures (Step 2 - 6) for the following TX locations (TX2 and TX3) as done for
TX1.

. Change the TX antenna polarization from vertical to horizontal. Repeat the
same procedures (Step 2 - 7) for H-V polarization combination as those for

V-V combination.

TABLE 4.2: Indoor measurement procedures parameters.

Measurement No. | Frequency (GHz) | Polarization | di (m) | d2 (m) | 8 (°) a(°)
1 10; 20; 26 V-V 2 1 10 | -20 to 80
2 10; 20; 26 V-V 2 1 20 -30 to 70
3 10; 20; 26 V-V 2 1 30 | -40 to 60
4 10; 20; 26 H-V 2 1 10 -20 to 80
5 10; 20; 26 H-V P 1 20 | -30 to 70
6 10; 20; 26 H-V 2 1 30 | -40 to 60

4.4.2 Outdoor Measurements

The outdoor measurements were performed at 10, 20, and 26 GHz for V-V and H-V

antenna polarization configurations with the TX and RX antennas set at heights of 1.4

m above the ground. The TX antenna was located on one side of a corner, and the
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X
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FIGURE 4.17: TX and RX locations for indoor corner measurements in the NYU WIRELESS

research center on the 9t floor of 2 MetroTech Center. The distance from the TX antenna to

the edge of the diffracted corner is constant at d; = 2 m, and the distance from the edge of the
corner to the RX antenna is constant at do = 1 m.

RX antenna located on the other side of the corner was mounted on a rotating gimbal,
which moved along a linear track. The distance from the TX antenna to the edge of the
diffracted corner was in the far field of the antenna and the diffraction object and was
constant at 2 m (d;), and the distance from the edge of the corner to the RX antenna
was in the far field constant at 1 m (d3) as shown in Fig. 4.17 (for the 26 GHz antenna,
the far field distance is 1.38 m, a little bit larger than dy). The TX antenna was adjusted
to point to the edge of the corner for two fixed incident angles (3), from approximately
10° to 35°. The RX antenna moved along the track in step increments of 0.875 cm,
which corresponds to approximately 0.5° increments of the diffraction angle (a)). The
RX antenna was adjusted to point to the edge of the corner at each track increment, with

the RX power level measured by an Agilent E4407B spectrum analyzer. For each track
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FIGURE 4.18: Two examples of TX locations and their corresponding RX track locations for
indoor corner measurements. The TX antenna is point to the edge of the corner with different
incident angles (3) from 10° to 40° (incident angles are different for different frequencies). If the
incident angle for TX1 is 8 = 10°, and the diffraction angle « is ranging from -20° to 80°. If the
incident angle for TX2 is § = 30°, and the diffraction angle « is ranging from -40° to 60°.

x=60°-80°

FIGURE 4.19: The RX track locations and corresponding diffraction angles. The track locations

remain the same for different TX locations. The total length of the track is 35.3 cm and ds is

1 m, thus the corresponding diffraction angle from one end to the other end of the track is 20°.

Note that the orientation of the linear track need to be perpendicular to the line drawn from the
corner to the center of the track.
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F1cURE 4.20: RX antenna moves from one side to the other side of the linear track, and the
track moves from the first track location to the last track location. The entire sets of track
locations form an arc route.

FI1GURE 4.21: Indoor drywall corner diffraction measurements at 26 GHz.

location, the 35.5 ¢cm long linear track was used to measure a 20° swath of diffraction
angles in the horizontal plane (parallel to the ground). Five consecutive RX linear track
locations were used to simulate a contiguous arc around the corner to measure a 100°
swath of total diffraction angles, which enabled the RX antenna to move from the deep
shadow region to the lit region. There were five consecutive RX linear track locations
formed in an arc, as shown in Fig. 4.20. The corresponding diffraction angles for different
incident angles can be found in Fig. 4.18 and Table 4.2. A free space calibration was
performed at each measured frequency at a TX-RX separation distance of 3 m (d;+da

= 3 m). The relative diffraction loss was obtained by computing the difference between
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FIGURE 4.22: Indoor drywall corner diffraction measurements at 26 GHz.
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FIGURE 4.23: Indoor wooden corner diffraction measurements at 26 GHz.

the calibration received power and the measured power level at each diffraction angle
measurement. The measurement procedures of the outdoor measurements were similar

to the indoor measurements.
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FIGURE 4.24: Indoor wooden diffraction measurements at 26 GHz.

FIGURE 4.25: Indoor plastic board diffraction measurements at 26 GHz.
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FIGURE 4.26: Indoor plastic board diffraction measurements at 26 GHz.

FIGURE 4.27: Pillar
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FIGURE 4.28: Marble corner.




Chapter 5

Indoor Measurement Results and

Analysis

5.1 Indoor V-V Polarization Measurement Results

5.1.1 Drywall Corner Measurements

Drywall is one of the most common materials in the indoor environment as shown in
Fig. 4.16. Fig. 5.1, Fig. 5.2, and Fig. 5.3 show the measured relative diffraction losses at
10, 20, and 26 GHz, respectively, as a function of diffraction angle for different incident
angles at a drywall corner for V-V polarized antennas. The relative loss at each frequency
includes measured relative loss at three different TX incident angles (12°, 23°, and 35°).
It is worth noting that the KED model is not a function of incident angle, therefore,
relative losses for different incident angles are compared with one KED model in each
plot. In the shadow region (for diffraction angles « greater than 0°), a good agreement
can be observed between the measurement data and the KED model prediction. When
the RX antenna moved from the lit region to the shadow region, the relative diffraction
loss increased from 6 dB to approximately 25 dB at a diffraction angle of 20°. The main

mechanisms in the lit region are direct transmission through free space and reflections

54
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in the environment, which are not predicted by the KED model. The relative loss in the
lit region can be explained by the reduced antenna gain off boresight of the directional
antenna. The diffraction loss at a 0° diffraction angle should be 6 dB according to
the KED theory, but the observed diffraction loss is less than 6 dB, due to the use of
directional antennas. Similar results at 10 GHz were also observed in [17]. Fig. 5.4
shows the measured relative diffraction losses at 10, 20, and 26 GHz as a function of
diffraction angle. Due to the reflective indoor environment, the diffraction loss showed
no obvious dependence on frequency. The simple KED model provides a reasonable
fit for the measurement data in the shadow region and near the shadow boundary for
drywall material. Table 5.1 provides the mean error (ME) and standard deviation (SD)
values for each frequency at different incident angles and for combined incident angles.
The ME values are close to zero, indicating a good overall match between the KED
model and the measured data. The high SD values (approximately 5-6 dB) of the model
as shown in the Table 5.1, and the oscillation patterns observed in the figures, are likely
due to the penetration through the measured drywall material (with metal studs inside

the wall).

Table 5.4 shows the measured diffraction loss and Table 5.5 shows predicted diffraction
loss (by Eq.(3.7)) in a 10° interval for diffraction angles from 0° to 60°. The results
show approximately 0.4 dB greater diffraction loss at 26 GHz than 20 GHz, and 11.8
dB greater loss at 10 GHz than 20 GHz in a diffraction angle interval of 20 - 30°, as
shown in Table 5.4. For an interval of 50-60 ° diffraction angle, diffraction loss at 26
GHz is approximately 2.3 dB greater than 20 GHz measurements, and diffraction loss
at 10 GHz is 2.1 dB greater than 20 GHz measurements. This clearly shows how indoor
environments have less diffraction loss over frequency than predicted by the KED model.
Table 5.6 shows the differences between the measured diffraction loss and predicted
diffraction loss. The results show approximately 17.0 dB, 2.2 dB, and 1.4 dB differences

at 10, 20, and 26 GHz in a diffraction angle interval of 20 - 30°.
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F1GURE 5.1: Indoor drywall corner diffraction measurement results compared to the KED model
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FIGURE 5.2: Indoor drywall corner diffraction measurement results compared to the KED model

at 20 GHz for V-V polarized antennas.

5.1.2 Wooden Corner Measurements

Wooden corners with smooth surfaces are also common in the office and at home as

shown in Fig. 4.16. The top part of the measured corner is a wooden decoration and the

bottom part of the corner is typically drywall. Fig. 5.5, Fig. 5.6, and Fig. 5.7 show the
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F1GURE 5.3: Indoor drywall corner diffraction measurement results compared to the KED model
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FIGURE 5.4: Indoor drywall corner diffraction measurement results compared to the KED model
at 10, 20, and 26 GHz for V-V polarized antennas.

indoor wooden corner measurement results compared to the KED prediction at 10, 20,

and 26 GHz, respectively, as a function of diffraction angle at a wooden corner for V-V

polarized antennas. The relative loss at each frequency includes measured relative loss

for three different TX incident angles (11°, 26°, and 38°). Fig. 5.8 shows the measured

relative diffraction losses at 10, 20, and 26 GHz as a function of diffraction angle. Due
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TABLE 5.1: Mean error (ME) and standard deviation (SD) between the measurement data and

KED model prediction for drywall corner in the indoor environment at 10, 20, and 26 GHz

for V-V polarized antennas. “Comb.” means measurement data that combines data from all
incident angles.

Frequency (GHz) | Incident Angle (°) | ME (dB) | SD (dB)
12 0.65 6.75
23 1.04 4.70
10
35 -0.46 5.45
Comb. 0.49 5.79
12 0.63 4.71
23 -0.02 5.17
20
35 -0.50 6.64
Comb. 0.11 5.43
12 -1.95 4.96
23 -0.25 5.18
26
35 -1.80 5.05
Comb. -1.34 5.06

to the reflective indoor environment, the diffraction loss showed no obvious dependence
on frequency. In the shadow region, the KED model, in general, overestimates the mea-
surement data. Table 5.2 provides the mean error (ME) and standard deviation (SD)
values for each frequency at different incident angles and for combined incident angles.
According to the negative ME values in Table 5.2, the KED model overestimates the
measurement results by 4.06 dB, 4.09 dB and 1.54 dB at 10, 20, and 26 GHz, respec-
tively, in the shadow region and near the shadow boundary. The relative diffraction
loss increases to approximately 30 dB at a diffraction angle of 30°. The results between
the drywall corner and wooden corner are comparable, indicating that dependence on
similar building materials may be negligible for diffraction in the indoor environment.

The high SD values (approximately 6 dB) and the oscillation patterns are likely due to
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the penetration through the measured material and the reflective test environment. In
the comparison to the measurement result, the KED model overestimate the measured
data in most cases. From the simulation comparison results in Chapter 4, the KED
model is the optimal (with the smallest diffraction loss compared to the other models).
Therefore, the absorbing screen model, conducting screen model, and the right wedge
screen model overestimate the measurement results (ME values would be much smaller

than the KED model) and are not included in this chapter.

Table 5.4 shows the measured diffraction loss and Table 5.5 shows predicted diffraction
loss (by Eq.(3.7)) in a 10° interval for diffraction angles from 0° to 60°. The results
show approximately 8.5 dB greater diffraction loss at 26 GHz than 20 GHz, and 3.3
dB greater loss at 20 GHz than 10 GHz in a diffraction angle interval of 20 - 30°, as
shown in Table 5.4. For an interval of 50-60 ° diffraction angle, diffraction loss at 26
GHz is approximately 3.8 dB greater than 20 GHz measurements, and diffraction loss at
10 GHz is 16.1 dB greater than 20 GHz measurements. Table 5.6 shows the differences
between the measured diffraction loss and predicted diffraction loss. The results show
approximately -5.9 dB, -5.6 dB, and 1.7 dB differences at 10, 20, and 26 GHz in a

diffraction angle interval of 20 - 30°.

Relative Loss vs Diffraction Angle at 10 GHz
for Wooden Corner with V-V Polarization
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FIGURE 5.5: Indoor wooden corner diffraction measurement results compared to the KED model
at 10 GHz for V-V polarized antennas.
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Relative Loss vs Diffraction Angle at 20 GHz
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FIGURE 5.6: Indoor wooden corner diffraction measurement results compared to the KED model
at 20 GHz for V-V polarized antennas.

Relative Loss vs Diffraction Angle at 26 GHz
for Wooden Corner with V-V Polarization

T T T I T T T T T
|| o Relative Loss for 11° Incident Angle 4
o Relative Loss for 26° Incident Angle
A Relative Loss for 38° Incident Angle
—Knife Edge Diffraction Model at 26 GHz y

A

[e2]
o

al
o
T

o
. . . =}
Lit Region Shadow quegloQ&; .

S
o
T

N
o

Relative Loss (dB)

-40 -30 -20 10 20 40 50 60

lefractlon Angle « ( )

FIGURE 5.7: Indoor wooden corner diffraction measurement results compared to the KED model
at 10 GHz for V-V polarized antennas.

5.1.3 Plastic Board Measurements

Diffraction around an irregular object, such as a plastic board, was also measured.
Plastic board is commonly used as a decoration or light weight partition as shown in

Fig. 4.16. Fig. 5.9, Fig. 5.10, and Fig. 5.11 show the indoor plastic board measurement



Chapter V. Indoor Measurement Results and Analysis 61

Measurement Data at 10, 20, 26 GHz for Wooden Corner
with V-V Polarlzatlon for AII InC|dent Angles
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FIGURE 5.8: Indoor wooden corner diffraction measurement results compared to the KED model
at 10, 20, and 26 GHz for V-V polarized antennas.

results compared to the KED prediction at 10, 20, and 26 GHz, respectively, as a function
of diffraction angle at a wooden corner for V-V polarized antennas. The relative loss at
each frequency includes measured diffraction loss at three different TX incident angles
(10°, 23°, and 39°). For the shadow region near the shadow boundary (diffraction angle
from 0° to 30°), the KED model overestimates the measured relative diffraction loss,
but in the deep shadow region, the KED model underestimates the measured relative
diffraction loss, likely due to penetration through the semitransparent plastic board.
Fig. 5.12 shows the observed relative diffraction losses at 10, 20, and 26 GHz as a
function of diffraction angle. Due to the reflective indoor environment, the diffraction
loss showed no obvious dependence on frequency. In the shadow region, the KED model,
in general, overestimates the measurement data. Table 5.3 provides the mean error (ME)
and standard deviation (SD) values for each frequency at different incident angles and
for combined incident angles. According to the negative ME values in Table 5.3, the
KED model overestimates the measurement results by 3.72 dB, 3.18 dB and 4.15 dB at
10, 20, and 26 GHz, respectively, in the shadow region and near the shadow boundary.
The high SD values (approximately 4-7 dB) and the oscillation patterns are highly due

to the penetration through the measured material and the reflective test environment.
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TABLE 5.2: Mean error (ME) and standard deviation (SD) between the measurement data and

KED model prediction for wooden corner in the indoor environment at 10, 20, and 26 GHz

for V-V polarized antennas. “Comb.” means measurement data that combines data from all
incident angles.

Frequency (GHz) | Incident Angle (°) | ME (dB) | SD (dB)
11 -1.97 5.55
26 -5.47 4.41
10
38 -2.84 7.56
Comb. -3.32 5.77
11 -3.19 4.27
26 -4.70 4.51
20
38 -4.02 4.32
Comb. -3.88 4.36
11 -0.94 4.93
26 -1.94 5.86
26
38 -2.11 4.76
Comb. -1.54 5.21

Table 5.4 shows the measured diffraction loss and Table 5.5 shows predicted diffraction
loss (by Eq.(3.7)) in a 10° interval for diffraction angles from 0° to 60°. The results
show approximately 8.9 dB greater diffraction loss at 20 GHz than 26 GHz, and 5.1
dB greater loss at 10 GHz than 20 GHz in a diffraction angle interval of 20 - 30°,
as shown in Table 5.4. For an interval of 50-60 ° diffraction angle, diffraction loss at
26 GHz is approximately 3.1 dB greater than 20 GHz measurements, and diffraction
loss at 20 GHz is 8.8 dB greater than 10 GHz measurements. This clearly shows how
indoor environments have less diffraction loss over frequency than predicted by the
KED model. Table 5.6 shows the differences between the measured diffraction loss and
predicted diffraction loss. The results show approximately 4.8 dB, -3.3 dB, and -13.4

dB differences at 10, 20, and 26 GHz in a diffraction angle interval of 20 - 30°.
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FI1GURE 5.9: Indoor plastic board diffraction measurement results compared to the KED model
at 10 GHz for V-V polarized antennas.

Relative Loss vs Diffraction Angle at 20 GHz
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FIGURE 5.10: Indoor plastic board diffraction measurement results compared to the KED model
at 20 GHz for V-V polarized antennas.
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Relative Loss vs Diffraction Angle at 26 GHz
for Plastic Board with V- V Polarlzat|on
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F1GURE 5.11: Indoor plastic board diffraction measurement results compared to the KED model
at 26 GHz for V-V polarized antennas.
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FI1GURE 5.12: Indoor plastic board diffraction measurement results compared to the KED model
at 10, 20, and 26 GHz for V-V polarized antennas.

5.2 Indoor H-V Polarization Measurement Results

5.2.1 Drywall Corner Measurements

Fig. 5.13, Fig. 5.14, and Fig. 5.15 show the measured relative diffraction losses at 10,

20, and 26 GHz, respectively, as a function of diffraction angle for a drywall corner for
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TABLE 5.3: Mean error (ME) and standard deviation (SD) between the measurement data and

KED model prediction for plastic board in the indoor environment at 10, 20, and 26 GHz for V-V

polarized antennas. “Comb.” means measurement data that combines data from all incident
angles.

Frequency (GHz) | Incident Angle (°) | ME (dB) | SD (dB)
10 -0.55 4.51
23 -3.77 5.02
10
39 -9.40 3.92
Comb. -3.72 4.56
10 0.41 5.24
23 -5.65 5.71
20
39 -6.14 4.47
Comb. -3.18 5.24
10 -3.83 7.75
23 -2.21 5.70
26
39 -7.57 7.83
Comb. -4.15 7.14

H-V polarized antennas. The relative loss at each frequency includes measured relative
loss at three different TX incident angles (12°, 23°, and 35°). The cross-polarization
discrimination factors (XPD) are extracted from all H-V measurements. For H-V po-
larized antennas, the diffraction loss increased with frequency, but for each frequency,
the diffraction loss was relatively independent of diffraction angle, indicating a depolar-
ization effect of the diffracted wave at the edge of the corner. In general, due to the
depolarization effect, the prediction by KED theory overestimates the diffraction loss in

H-V scenario.
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TABLE 5.4: Average measured diffraction loss (in dB) in a 10° interval for diffraction angle from

0° to 60° for drywall corner, wooden corner, and plastic board at 10, 20, and 26 GHz. “Comb.”

means taking average value from the three different materials. The average values are taken by

converting the power levels measured in dB scale to linear scale, then calculating average values
in linear scale, and converting the values back to dB scale.

Diffraction Angle(°)

Material | Frequency (GHz)
0-10 | 10-20 | 20-30 | 30-40 | 40-50 | 50-60
10 6.43 | 11.97 | 39.21 | 21.12 | 24.93 | 27.58
Drywall 20 5.59 | 25.69 | 37.40 | 24.99 | 27.48 | 25.50
26 18.46 | 22.08 | 27.77 | 24.16 | 26.19 | 27.83
10 2.16 | 15.17 | 16.36 | 19.54 | 18.01 | 36.60
Wooden 20 3.90 | 11.01 | 19.63 | 26.98 | 25.54 | 20.55
26 10.36 | 17.90 | 28.09 | 27.67 | 31.45 | 24.40
10 5.28 | 10.12 | 27.00 | 23.94 | 22.28 | 24.05
Pleastic 20 3.44 | 14.35 | 21.89 | 25.58 | 33.27 | 32.92
26 0.62 6.94 | 12.97 | 17.76 | 25.51 | 36.00
10 4.97 | 12.93 | 34.71 | 21.92 | 22.58 | 32.55
Comb. 20 4.88 | 21.36 | 24.23 | 25.93 | 30.06 | 29.08
26 14.37 | 18.81 | 26.24 | 24.80 | 28.59 | 32.10

TABLE 5.5: Average predicted diffraction loss (in dB) using the KED model by (3.7) in a

10° interval for diffraction angle from 0° to 60° at 10, 20, and 26 GHz. “” means the KED

model is independent of material types. The average values are taken by converting the power

levels measured in dB scale to linear scale, then calculating average values in linear scale, and
converting the values back to dB scale.

Diffraction Angle(°)

Material | Frequency (GHz)
0-10 | 10-20 | 20-30 | 30-40 | 40-50 | 50-60

10 11.25 | 18.01 | 22.23 | 25.13 | 27.31 | 29.05

- 20 13.24 | 20.87 | 25.22 | 28.13 | 30.31 | 32.07

26 14.11 | 22.00 | 26.35 | 29.27 | 31.45 | 33.21
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TABLE 5.6: Differences between the measured diffraction loss and predicted diffraction loss (in

dB) in a 10° interval for diffraction angle from 0° to 60° for drywall corner, wooden corner,

and plastic board at 10, 20, and 26 GHz. “Comb.” means taking average value from the three

different materials. The average values are taken by converting the power levels measured in dB

scale to linear scale, then calculating average values in linear scale, and converting the values
back to dB scale.

Diffraction Angle(°)

Material | Frequency (GHz)
0-10 10-20 | 20-30 | 30-40 | 40-50 | 50-60
10 -4.82 -6.04 | 16.98 | -4.01 | -2.38 | -1.46
Drywall 20 -6.65 4.82 2.18 -3.13 | -2.83 | -6.57
26 4.35 -0.08 1.42 -5.11 | -5.25 | -5.37
10 -9.09 | -2.84 | -5.87 | -5.59 | -9.30 | 7.55
Wooden 20 -9.34 | -9.86 | -5.59 | -1.15 | -4.77 | -11.52
26 -3.75 -4.10 1.74 -1.60 0 -8.81
10 -5.97 | -7.89 4.77 -1.19 | -5.03 | -5.00
Pleastic 20 -9.80 | -6.52 | -3.33 | -2.55 2.96 0.85
26 -13.49 | -15.06 | -13.38 | -11.51 | -5.94 2.79
10 -6.29 | -5.08 | 12.48 | -3.21 | -4.73 3.50
Comb. 20 -8.36 0.49 -0.99 | -2.20 | -0.25 | -2.99
26 0.26 -3.19 | -0.11 -4.47 2.86 -1.11

5.2.2 Wooden Corner Measurements

Fig. 5.16, Fig. 5.17, and Fig. 5.18 show the measured relative diffraction losses at 10,
20, and 26 GHz, respectively, as a function of diffraction angle for a wooden corner for
H-V polarized antennas. The relative loss at each frequency includes measured relative
loss at three different TX incident angles (11°, 26°, and 38°). The XPDs are extracted
from all H-V measurements. For H-V polarized antennas, the diffraction loss increased
with frequency, but for each frequency, the diffraction loss was relatively independent of
diffraction angle, indicating a depolarization effect of the diffracted wave at the edge of
the corner. In general, due to the depolarization effect, the prediction by KED theory

overestimates the diffraction loss in H-V scenario.
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Relative Loss vs Diffraction Angle at 10 GHz
for DrywaII Corner with H- V Polarlzat|on
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FIGURE 5.13: Indoor drywall corner diffraction measurement results compared to the KED

model at 10 GHz for H-V polarized antennas.

Relative Loss vs Diffraction Angle at 20 GHz
for Drywall Corner with H-V Polarization
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FIGURE 5.14: Indoor drywall corner diffraction measurement results compared to the KED

model at 10 GHz for H-V polarized antennas.

5.2.2.1 Plastic Board Measurements

Fig. 5.19, Fig. 5.20, and Fig. 5.21 show the measured relative diffraction losses at 10,

20, and 26 GHz, respectively, as a function of diffraction angle for a plastic board for

H-V polarized antennas. The relative loss at each frequency includes measured relative
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Relative Loss vs Diffraction Angle at 26 GHz
for DrywaII with H-V Polarlzat|on
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FIGURE 5.15: Indoor drywall corner diffraction measurement results compared to the KED
model at 10 GHz for H-V polarized antennas.
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for Wooden Corner with H-V Polarization

T T T T T T T T T
80+ o Diffraction Loss for 11° Incident Angle g
o Diffraction Loss for 26° Incident Angle
~~70H A Diffraction Loss for 38° Incident Angle 8
% —Knife Edge Diffraction Model at 10 GHz
60 - 1
N—r . .
" A Lit Region Sha°dow Reglon
o 50 o 0©
3 :
—1 40 é<:.
(]
> 30 Lo
=
B8 20
(O]
X 10
0

-40 -30 -20 10 20 40 50 60

lefractlon Angle « ( )

FIGURE 5.16: Indoor wooden corner diffraction measurement results compared to the KED
model at 10 GHz for H-V polarized antennas.

loss at three different TX incident angles (10°, 23°, and 39°). The XPDs are extracted
from all H-V measurements. For H-V polarized antennas, the diffraction loss increased
with frequency, but for each frequency, the diffraction loss was relatively independent of
diffraction angle, indicating a depolarization effect of the diffracted wave at the edge of

the corner. In general, due to the depolarization effect, the prediction by KED theory
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Relative Loss vs Diffraction Angle at 20 GHz
for Wooden Corner with H-V Polarlzat|on
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FIGURE 5.17: Indoor wooden corner diffraction measurement results compared to the KED
model at 20 GHz for H-V polarized antennas.

Relative Loss vs Diffraction Angle at 26 GHz
for Wooden Corner with H-V Polarization
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FIGURE 5.18: Indoor wooden corner diffraction measurement results compared to the KED
model at 26 GHz for H-V polarized antennas.

overestimates the diffraction loss in H-V scenario.
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Relative Loss vs Diffraction Angle at 10 GHz
for Plastic Board with H-V Polarlzatlon

T T T
o D|ffract|0n Loss for 10° InC|dent Angle 4
o Diffraction Loss for 23° Incident Angle
A Diffraction Loss for 39° Incident Angle 4
—Knife Edge Diffraction Model at 10 GHz

[e]
o

~
o

D
o

30

20

Relative Loss (dB)

=
o

40  -30 -20 -10 0 10 20 30 40 50 60 70

Diffraction Angle « (°)

FIGURE 5.19: Indoor plastic board diffraction measurement results compared to the KED model
at 10 GHz for H-V polarized antennas.

Relative Loss vs Diffraction Angle at 20 GHz
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F1GURE 5.20: Indoor plastic board diffraction measurement results compared to the KED model
at 20 GHz for H-V polarized antennas.
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Relative Loss vs Diffraction Angle at 26 GHz
for Plastic Board with H -V Polarization
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FIGURE 5.21: Indoor plastic board diffraction measurement results compared to the KED model
at 26 GHz for H-V polarized antennas.



Chapter 6

Outdoor Measurement Results

and Analysis

6.1 Outdoor V-V Polarization Measurement Results

6.1.1 Stone Pillar Measurements

Stone is a commonly used outdoor structural material and stone pillars are typically used
for building support or decoration as shown in Fig. 4.16. The surface of the measured
stone pillar is rough and the corners of the pillar are rounded. Fig. 6.1, Fig. 6.2, and
Fig. 6.3 show the measured relative diffraction losses at 10, 20, and 26 GHz, respectively,
as a function of diffraction angle at a stone pillar for V-V polarized antennas. The relative
loss at each frequency includes measured relative loss at two different TX incident angles
(12° and 23°). It is worth noting that the KED model is not a function of incident angle,
therefore, relative losses for different incident angles are compared with one KED model
in each plot. The outdoor stone pillar measurement results are compared to prediction
by the KED model and the creeping wave model. From the plot, the linear creeping
wave model using minimum mean square error (MMSE) estimation provides a better fit

to the measured relative diffraction loss in the shadow region than the KED model. The

73
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main propagation mechanisms in the lit region are direct transmission through free space
and reflections in the environment, which are not predicted by the KED model and the
creeping wave model. The anchor point of the creeping wave model is 6.03 dB, which
is the corresponding diffraction loss predicted by the KED model at the 0° diffraction
angle. The slope of the linear creeping wave model is 0.75, 0.88, and 0.96 at 10, 20, and 26
GHz, respectively, according to Eq.(3.29). The KED model underestimates diffraction
for diffracted angles greater than 20°. Table 6.1 provides the mean error (ME) and
standard deviation (SD) values for each frequency at different incident angles and for
combined incident angles. The ME values for the creeping wave model are close to zero,
which are much less than the ME values of the KED model, indicating a good overall
match between the creeping wave model and the measured data. The SD values for
creeping wave model (approximately 2-4 dB) are smaller than the SD values for KED

model (approximately 6-11 dB).

Fig. 6.4 shows the outdoor stone pillar measurement results compared to the creeping
wave model prediction at 10, 20, and 26 GHz for V-V polarized antennas. The relative
loss for each frequency includes measured loss at two TX incident angles, and is plotted
as a function of diffraction angle. The simple linear creeping wave model provides a
reasonable fit data in the shadow region and near the shadow boundary. Table 6.4 shows
the measured diffraction loss and Table 6.5 shows predicted diffraction loss (by Eq.(3.28))
in a 10° interval for diffraction angles from 0° to 60°. The results show approximately
2.2 dB greater diffraction loss at 26 GHz than 20 GHz, and 5.1 dB greater loss at 20 GHz
than 10 GHz in a diffraction angle interval of 20 - 30°, as shown in Table 6.4. For an
interval of 50-60 ° diffraction angle, diffraction loss at 26 GHz is approximately 0.1 dB
greater than 20 GHz measurements, and diffraction loss at 20 GHz is 12.7 dB greater
than 10 GHz measurements. Table 6.6 shows the differences between the measured
diffraction loss and predicted diffraction loss. The results show approximately 1.9 dB,
3.5 dB, and 3.6 dB differences at 10, 20, and 26 GHz in a diffraction angle interval of
20 - 30°.
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The ME and SD values at 10, 20, and 26 GHz for combined TX incident angles can
be found in Table 6.1. The ME values of the creeping wave model for combined inci-
dent angles are less than 0.5, indicating a good match to the measurement results. The
absorbing screen model, conducting screen model, and right wedge screen model over-
estimate the measurement results in the shadow region especially for diffraction angles
from 0° to 30° (ME values would be much smaller than the linear creeping wave model)

and are not included in this chapter.

Relative Loss vs Diffraction Angle at 10 GHz
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FI1GURE 6.1: Outdoor stone pillar diffraction measurement results compared to the KED model
and the empirical linear creeping wave model at 10 GHz for V-V polarized antennas. 0.75 is the
slope value n in the creeping wave model calculated from Eq.(3.29).

6.1.2 Marble Corner Measurements

Marble is also one of the common outdoor surface materials, and is often used in exterior
walls and veneers, flooring, and decorative features as shown in Fig. 4.16. Marble is an
extremely hard, metamorphic stone composed of calcite, and is formed as a result of the
recrystallization of limestone under the intense pressure and heat of geologic processes.
The surface of marble is smooth and the marble corner is usually less rounded than pillar
but more rounded than the indoor sharp corner. Fig. 6.5, Fig. 6.6, and Fig. 6.7 show the

measured relative diffraction losses at 10, 20, and 26 GHz, respectively, as a function of
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FIGURE 6.2: Outdoor stone pillar diffraction measurement results compared to the KED model
and the empirical linear creeping wave model at 20 GHz for V-V polarized antennas. 0.88 is the
slope value n in the creeping wave model calculated from Eq.(3.29).
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Relative Loss vs Diffraction Angle at 26 GHz
for Pillar with V-V Polarization

iffraction Loss =0.96 * o + 6.03 dB

1
40 -30 -20 -10 0 10 20 30

1
40

Diffraction Angle « (°

50

60

70

FIGURE 6.3: Outdoor stone pillar diffraction measurement results compared to the KED model
and the empirical linear creeping wave model at 26 GHz for V-V polarized antennas. 0.96 is the
slope value n in the creeping wave model calculated from Eq.(3.29).

diffraction angle at a marble corner for V-V polarized antennas. The relative loss at each

frequency includes measured relative loss at two different TX incident angles (20° and

36°). The outdoor marble corner measurement results are compared to prediction by

the KED model and the creeping wave model. From the plot, the linear creeping wave



Chapter VI. Qutdoor Measurement Results and Analysis 77

Outdoor Measurement Data at 10, 20, 26 GHz for Pillar
with V-V Polarization for All Incident Angles
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FIGURE 6.4: Outdoor stone pillar diffraction measurement results compared to the KED model
at 10, 20, and 26 GHz for V-V polarized antennas.

TABLE 6.1: Mean error (ME) and standard deviation (SD) between the measurement data with

the KED model and the empirical linear creeping wave model predictions for stone pillar in

the outdoor environment at 10, 20, and 26 GHz for V-V polarized antennas. “Comb.” means
measurement data that combines data from all incident angles.

KED Linear
Frequency (GHz) | Incident Angle (°)
ME (dB) | SD (dB) | ME (dB) | SD (dB)

12 8.07 8.18 -0.17 291

10 23 5.12 6.52 0.29 2.54
Comb. 6.76 7.49 0.03 2.75

12 9.49 10.20 -0.47 4.92

20 23 7.83 7.80 1.62 3.40
Comb. 8.51 9.23 0.45 4.31

12 11.06 11.00 -0.49 4.53

26 23 8.42 9.24 1.70 3.12
Comb. 9.89 10.26 0.48 3.97

model provides a better fit to the measured relative diffraction loss in the shadow region
than the KED model. The main mechanisms in the lit region are direct transmission

through free space and reflections in the environment, which are not predicted by the
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KED model and the creeping wave model. The slope of the creeping wave model is
0.62, 0.77, and 0.96 at 10, 20, and 26 GHz, respectively, according to Eq.(3.29). The
KED model underestimates diffraction for diffraction angles greater than 30°. Table 6.2
provides the mean error (ME) and standard deviation (SD) values for each frequency
at different incident angles and for combined incident angles. The ME values for the
creeping wave model are close to zero (expect for the 26 GHz measurements), which
are much less than the ME values of the KED model, indicating a good overall match
between the creeping wave model and the measured data. The SD values for creeping
wave model (approximately 3-4 dB) are smaller than the SD values for KED model

(approximately 5-9 dB).

Fig. 6.8 shows the outdoor marble corner measurement results compared to the creeping
wave model prediction at 10, 20, and 26 GHz for V-V polarized antennas. The relative
loss for each frequency includes measured loss at two TX incident angles, and is plotted
as a function of diffraction angle. The simple linear creeping wave model provides a
reasonable fit for the measurement data in the shadow region and near the shadow
boundary. Table 6.4 shows the measured diffraction loss and Table 6.5 shows predicted
diffraction loss (by Eq.(3.28)) in a 10° interval for diffraction angles from 0° to 60°. The
results show approximately 4.5 dB greater diffraction loss at 26 GHz than 20 GHz, and
8.2 dB greater loss at 20 GHz than 10 GHz in a diffraction angle interval of 20 - 30°,
as shown in Table 6.4. For an interval of 50-60 ° diffraction angle, diffraction loss at
26 GHz is approximately 11.7 dB greater than 20 GHz measurements, and diffraction
loss at 20 GHz is 5.2 dB greater than 10 GHz measurements. Table 6.6 shows the
differences between the measured diffraction loss and predicted diffraction loss. The
results show approximately 4.0 dB, 5.2 dB, and 8.2 dB differences at 10, 20, and 26 GHz

in a diffraction angle interval of 20 - 30°.

The ME and SD values at 10, 20, and 26 GHz for combined TX incident angles can be
found in Table 6.2. The ME values of creeping wave model for combined incident angles

are small, indicating a good match to the measurement results. Table 6.3 provides the
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slope values of the empirical creeping wave MMSE model at 10, 20, and 26 GHz. The
measurement conducted at the material with a rougher surface (stone) at 10 and 20 GHz
resulted in a larger slope value than the material with a smoother surface (marble). The
slope values of the creeping wave model were observed to increase with frequency and
the roughness of the diffracted surface. Typically slop values found in the measurements
ranged from 0.6 to 1, which can be considered as empirical values used in ray tracing
tools. The ME values for creeping wave model in both stone pillar and marble corner are
close to zero, indicating a good overall match between the linear creeping wave model
and the measured data. Penetration through the marble corner are more dominant than
the stone pillar, resulting in higher SD values and more obvious oscillation patterns in
the marble corner measurement.

Relative Loss vs Diffraction Angle at 10 GHz
for Marble Corner with V-V Polarization
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FIGURE 6.5: Outdoor marble corner diffraction measurement results compared to the KED
model and the empirical linear creeping wave model at 10 GHz for V-V polarized antennas. 0.62
is the slope value n in the creeping wave model calculated from Eq.(3.29).
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Relative Power vs Diffraction Angle at 20 GHz
for Marble Corner with V-V Polarlzatlon
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FIGURE 6.6: Outdoor marble corner diffraction measurement results compared to the KED
model and the empirical linear creeping wave model at 10 GHz for V-V polarized antennas. 0.77
is the slope value n in the creeping wave model calculated from Eq.(3.29).

Relative Power vs Diffraction Angle at 26 GHz
for Marble Corner with V-V Polarization
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FIGURE 6.7: Outdoor marble corner diffraction measurement results compared to the KED
model and the empirical linear creeping wave model at 10 GHz for V-V polarized antennas. 0.95
is the slope value n in the creeping wave model calculated from Eq.(3.29).
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Outdoor Measurement Data at 10, 20, 26 GHz for Marble Corner
with V-V Polarization for All Incident Angles
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FIGURE 6.8: Outdoor marble corner diffraction measurement results compared to the KED
model at 10, 20, and 26 GHz for V-V polarized antennas.

TABLE 6.2: Mean error (ME) and standard deviation (SD) between the measurement data with
the KED model and the empirical linear creeping wave model predictions for marble corner in
the outdoor environment at 10, 20, and 26 GHz for V-V polarized antennas. “Comb.” means
measurement data that combines data from all incident angles. CW stands for the creeping wave
model.

KED CW
Frequency (GHz) | Incident Angle (°)
ME (dB) | SD (dB) | ME (dB) | SD (dB)

20 2.09 5.80 -0.66 3.17

10 36 0.20 4.94 0.09 3.48
Comb. 1.28 5.45 -0.34 3.30

20 3.94 5.96 -0.34 4.53

20 36 2.38 5.66 1.77 3.04
Comb. 3.28 5.84 0.55 3.97

20 8.01 8.34 4.79 5.01

26 36 7.57 8.83 7.98 6.26
Comb. 7.82 8.55 6.14 5.57

6.2 Outdoor H-V Polarization Measurement Results

6.2.1 Stone Pillar Measurements

Fig. 6.9, Fig. 6.10, and Fig. 6.11 show the measured relative diffraction losses at 10, 20,

and 26 GHz, respectively, as a function of diffraction angle at a stone pillar for H-V
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TABLE 6.3: The slope values (calculated from Eq.(3.29)) of the linear creeping wave model
for the stone pillar and marble corner measurements at 10, 20, and 26 GHz for V-V polarized
antennas.

Frequency (GHz) | Stone | Marble

10 0.76 0.63
20 0.90 0.78
26 0.98 0.98

TABLE 6.4: Average measured diffraction loss (in dB) in a 10° interval for diffraction angles

from 0° to 60° for stone pillar and marble corner at 10, 20, and 26 GHz. “Comb.” means taking

average value from the two different materials. The average values are taken by converting the

power levels measured in dB scale to linear scale, then calculating average values in linear scale,
and converting the values back to dB scale.

Diffraction Angle(°)
Material | Frequency (GHz)
0-10 | 10-20 | 20-30 | 30-40 | 40-50 | 50-60
10 9.24 | 20.22 | 27.03 | 34.36 | 40.71 | 46.98
Stone 20 10.81 | 23.95 | 32.12 | 40.33 | 51.22 | 59.74
26 11.61 | 25.50 | 34.26 | 43.23 | 53.89 | 59.78
10 8.00 | 15.42 | 28.35 | 29.94 | 34.31 | 38.81
Marble 20 13.91 | 23.70 | 32.93 | 39.18 | 43.66 | 44.02
26 15.47 | 24.98 | 41.05 | 42.92 | 49.29 | 55.72
10 8.66 | 18.45 | 27.74 | 32.69 | 32.04 | 37.13
Comb. 20 12.63 | 23.83 | 32.54 | 39.79 | 48.91 | 56.84
26 13.96 | 25.25 | 38.87 | 43.08 | 52.17 | 58.21

polarized antennas. The relative loss at each frequency includes measured relative loss
at two different TX incident angles (12° and 23°). The cross-polarization discrimination
factors (XPD) are extracted from all H-V measurements. For H-V polarized antennas,
the diffraction loss increased with frequency and diffraction angle. The depolarization
effect of the diffracted wave is obvious in the deep shadow region (for diffraction an-

gle greater than 30°). By extracting XPD from the measured H-V data, the relative



Chapter VI. Qutdoor Measurement Results and Analysis 83

TABLE 6.5: Average predicted diffraction loss (in dB) using the creeping wave linear model

by Eq.(3.28) in a 10° interval for diffraction angles from 0° to 60° for stone pillar and marble

corner at 10, 20, and 26 GHz. “Comb.” means taking average value from the two different

materials. The average values are taken by converting the power levels measured in dB scale to

linear scale, then calculating average values in linear scale, and converting the values back to dB
scale.

Diffraction Angle(°)
Material | Frequency (GHz)
0-10 | 10-20 | 20-30 | 30-40 | 40-50 | 50-60
10 10.11 | 17.60 | 25.10 | 32.59 | 40.08 | 47.57
Stone 20 10.94 | 19.77 | 28.60 | 37.42 | 46.25 | 55.08
26 11.45 | 21.07 | 30.69 | 40.31 | 49.93 | 59.55
10 9.36 | 15.61 | 21.85 | 28.10 | 34.34 | 43.18
Marble 20 10.22 | 17.89 | 25.56 | 33.22 | 40.89 | 48.56
26 11.42 | 21.00 | 30.58 | 40.17 | 49.75 | 59.33
10 9.75 | 16.72 | 23.77 | 30.90 | 38.10 | 45.91
Comb. 20 10.59 | 18.93 | 27.34 | 35.81 | 44.35 | 52.94
26 11.44 | 21.04 | 30.64 | 40.24 | 49.84 | 59.44

diffraction losses agree well with the KED model.

Relative Loss vs Diffraction Angle at 10 GHz
for Pillar with H-V Polarization
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FIGURE 6.9: Outdoor stone pillar diffraction measurement results compared to the KED model
at 10 GHz for H-V polarized antennas.
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TABLE 6.6: Differences between the measured diffraction loss and predicted diffraction loss (in
dB) in a 10° interval for diffraction angles from 0° to 60° for stone pillar and marble corner at
10, 20, and 26 GHz. “Comb.” means taking average value from the two different materials. The
average values are taken by converting the power levels measured in dB scale to linear scale,
then calculating average values in linear scale, and converting the values back to dB scale.

Diffraction Angle(°)
Material | Frequency (GHz)
0-10 | 10-20 | 20-30 | 30-40 | 40-50 | 50-60
10 -0.87 | 2.62 1.93 1.77 0.63 | -0.59
Stone 20 -0.13 | 4.18 3.52 291 4.97 4.66
26 0.16 | 4.43 3.57 2.92 3.96 0.23
10 -1.36 | -0.19 | 6.50 1.84 | -0.03 | -4.37
Marble 20 3.69 5.81 7.37 5.96 2,77 | -4.54
26 4.05 | 3.98 | 10.47 | 2.75 | -0.46 | -3.61
10 -1.09 | 1.73 3.97 1.79 | -6.06 | -8.78
Comb. 20 2.04 | 4.90 5.20 3.98 4.56 3.90
26 2.52 | 4.21 8.23 2.84 2.33 | -1.23

Relative Loss vs Diffraction Angle at 20 GHz
for Pillar with H-V Polarization
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FIGURE 6.10: Outdoor stone pillar diffraction measurement results compared to the KED model
at 20 GHz for H-V polarized antennas.
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Relative Loss vs Diffraction Angle at 26 GHz
for Pillar with H-V Polarization
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FIGURE 6.11: Outdoor stone pillar diffraction measurement results compared to the KED model
at 26 GHz for H-V polarized antennas.

6.2.2 Marble Corner Measurements

Fig. 6.12, Fig. 6.13, and Fig. 6.14 show the measured relative diffraction losses at 10, 20,
and 26 GHz, respectively, as a function of diffraction angle at a marble corner for H-V
polarized antennas. The relative loss at each frequency includes measured relative loss
at two different TX incident angles (12° and 23°). The cross-polarization discrimination
factors (XPD) are extracted from all H-V measurements. For H-V polarized antennas,
the diffraction loss increased with frequency (expect for the 26 GHz measurements) and
diffraction angle. The depolarization effect of the diffracted wave is obvious in the deep
shadow region (for diffraction angle greater than 30°). By extracting XPD from the

measured H-V data, the relative diffraction losses agree well with the KED model.
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Relative Loss vs Diffraction Angle at 10 GHz
for Marble Corner with H-V Polarization
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FIGURE 6.12: Outdoor marble corner diffraction measurement results compared to the KED
model at 10 GHz for H-V polarized antennas.

Relative Loss vs Diffraction Angle at 20 GHz
for Marble Corner with H-V Polarlzatlon
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FIGURE 6.13: Outdoor marble corner diffraction measurement results compared to the KED
model at 20 GHz for H-V polarized antennas.
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Relative Loss vs Diffraction Angle at 26 GHz
for Marble Corner with H-V Polarization
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FIGURE 6.14: Outdoor marble corner diffraction measurement results compared to the KED
model at 26 GHz for H-V polarized antennas.



Chapter 7

Conclusion

This report presented indoor and outdoor diffraction measurements conducted for dif-
ferent materials (drywall, wood, plastic, stone, and marble) at 10, 20, and 26 GHz. The
measurements were performed in order to understand, quantify and model the behavior
of diffraction mechanism, and to develop accurate and general diffraction loss models
with simple calculation, which can be used in building ray tracers for cmWave and
mmWayve. This report presented two diffraction models, namely the Knife Edge Diffrac-
tion model and the empirical linear creeping wave model. The knife edge diffraction
model is applicable to corners with sharp edges, and is commonly used in ray tracing
tools due to its simplicity and accuracy for diffraction loss prediction. The empirical
linear creeping wave model is applicable to building features that exhibit curved and
rounded surfaces. The linear creeping wave model has a fixed anchor point of 6 dB
(from diffraction loss at a diffraction angle of 0° in the KED model) and a variable slope
value was obtained from measurement data using minimum mean square error (MMSE)

estimation.

The indoor measurements around the drywall corner showed a relatively good agreement
between the measured relative diffraction loss and prediction by the KED model with
approximately 5-6 dB standard deviations for all frequencies, incident angles, and ma-
terials tested. For measurements conducted around the wooden corner, the KED model

88
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overestimated the relative diffraction loss (by approximately 4 dB) in the shadow region
and near the shadow boundary (the KED model is not sufficient for predicting relative
loss in the lit region). Diffraction around an irregular object, such as plastic board, fol-
lowed a trend similar to the KED prediction, but not as well as the regular 90° corner.
Theoretical KED analysis as described by (3.7) would predict that for an interval of 30
- 40° diffraction angle, 20 GHz would have on average (taking average of the measured
three materials) 1.1 dB more loss than at 26 GHz, and that 20 GHz would have 4.0 dB
more loss than at 10 GHz. The results also showed approximately -3.2 dB, -2.2 dB, and
-4.5 dB differences between the measured diffraction loss and predicted diffraction loss
by the KED model at 10, 20, and 26 GHz in a diffraction angle interval of 30 - 40°. Due
to the reflective indoor environment and penetration through the measured materials,
the relative diffraction loss was observed to be less dependent on frequency than might
be expected. This clearly shows how indoor environments have less diffraction loss over
frequency than predicted by the KED model. As shown in Chapter 5, the KED model
can be used in ray tracing tools to calculate diffraction loss (along with a random varying
component modeled as nearly 0 mean Gaussian random variable with 5-6 dB standard
deviation) in the indoor environment at 10, 20 and 26 GHz. For objects with irregular
shapes, the KED model can also be used in ray tracing tools to predict diffraction loss
(but keeping in mind about 2 - 4 dB overestimation error, which could be subtracted

out).

The work here showed that diffraction loss for an outdoor building corner with rounded
edges can be better predicted by a simple linear creeping wave model rather than the
KED model. The slope of the creeping wave model increased with frequency, and the
material with a rougher surface (stone) had a larger slope value than the material with
a smoother surface (marble) at the same frequency. The creeping wave model analysis
as described by (3.28) would predict that for an interval of 30 - 40° diffraction angle,
26 GHz would have 2.9 dB (for stone pillar) and 7.0 dB (for marble corner) more loss
than at 20 GHz, and that 20 GHz would have 4.9 dB (for stone pillar) and 5.1 dB (for

marble corner) more loss than at 10 GHz. For an interval of 30 - 40° diffraction angle,
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the results showed that 26 GHz would have on average (taking average of the measured
two materials) 4.4 dB more loss than at 20 GHz, and that 20 GHz would have 4.9 dB
more loss than at 10 GHz. The results also showed approximately 1.8 dB, 3.0 dB, and
2.8 dB differences between the measured diffraction loss and predicted diffraction loss
by the creeping wave model at 10, 20, and 26 GHz in a diffraction angle interval of 30 -
40°. Given in Chapter 6, the creeping wave model, as a function of diffraction angle, is
empirically based, but the model can be used in ray tracing tools, by introducing typical

slope values ranged from 0.6 to 1 found in the measurements.

The cross-polarization discrimination factors (XPD) were extracted from all H-V mea-
surements. For H-V polarized antennas, the diffraction loss increased with frequency,
but for each frequency, the diffraction loss was relatively independent of diffraction an-
gle, indicating a depolarization effect of the diffracted wave in the shadow region in the
indoor environment. In general, we showed in Chapter 5 and 6 that due to the depo-
larization effect, the prediction by KED theory overestimates the diffraction loss in the
H-V scenario. The indoor results showed that for a 30° diffraction angle, 26 GHz would
have 0.9 dB more loss than at 20 GHz, and that 20 GHz would have 1.2 dB more loss
than at 10 GHz. This clearly shows the relative diffraction loss for cross-polarization
configuration was observed to be less dependent on frequency than might be expected.
By comparing the KED prediction and the corresponding XPD values to the average
measured relative diffraction loss for H-V polarization, the KED overestimate the mea-
sured data by 13.8 dB, 14.0 dB and 1.3 dB at 10. 20, and 26 GHz, respectively. The
diffraction losses were observed to increase with frequency and diffraction angle in the
outdoor environment. The outdoor results showed that for a 30° diffraction angle, 26
GHz would have on average 5.5 dB more loss than at 20 GHz, and that 20 GHz would
have 1.1 dB more loss than at 10 GHz. By comparing the KED prediction and the
corresponding XPD values to the average measured relative diffraction loss for H-V po-
larization, the KED overestimate the measured data by 5.4 dB, 1.0 dB and 0.6 dB at
10. 20, and 26 GHz, respectively. Chapter 5 and 6 showed that the depolarization effect

of the diffracted wave is obvious in the deep shadow region (for diffraction angle greater
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than 30°). By extracting the XPD from the measured H-V data, the relative diffraction

losses agree well with the KED model.

The simple KED model and linear creeping wave model can be used in indoor and
outdoor environments, respectively, to estimate propagation loss due to diffraction by
building corners for network simulations and ray-tracers with good accuracy and easy
calculation. According to the measurements provided in this report, diffraction is ex-
pected to be less important at mmWave than cmWave due to smaller wavelengths, and
diffraction is not a major propagation mechanism in microcell and femtocell deploy-
ments with directional antennas. This work showed that in the indoor environment for
an interval of 30 - 40°, the results showed 3.2 dB, 2.2 dB, and 4.5 dB less diffraction loss
than predicted by the KED model at 10, 20, and 26 GHz, respectively. The outdoor
measurement showed 1.8 dB, 3.0 dB, and 2.8 dB more diffraction loss than the predicted
values calculated by the creeping wave model at 10, 20, and 26 GHz, respectively, in a
diffraction angle interval of 30 - 40°. The results will allow wireless engineers to accu-
rately model the propagation mechanism of diffraction for various materials at 10, 20,

and 26 GHz when designing systems for cmWave and mmWave deployment.



Appendix A

Measurement Database

Description

A.1 Folders Structure Hierarchy

The flow diagram of the folder structure hierarchy is shown in Fig. A.1, where the ini-
tial base folder contains the Diffraction Measurement Data with all associated indoor
and outdoor measurements in the subfolders. Inside the Indoor Measurement Data and
Outdoor Measurement Data folders are frequency subfolders (10 GHz, 20 GHz, and 26
GHz) and static information file (Indoor_Static_Info.x1lsx or Outdoor_Static_Info.xlsx).
Inside the frequency subfolders are measurement location subfolders (Location 1, Loca-
tion 2, and/or Location 3), corresponding to different material types. Located in the
measurement location folders are raw data files, labeled as Diff _26GHz_L2 M2 HV.txt
for instant, where L indicates the measurement location number for different material
types, M indicates measurement number for different TX incident angles, and HV indi-
cates horizontal-to-vertical polarization combination. Each measurement location folder
includes measurement at two or three incident angles for two antenna polarization com-

binations (VV and HV).
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Measurement Data

M1_VV2.txt

FIGURE A.1: File structure hierarchy from the main base folder down to the specific measure-
ment folder. Each of the boxes in the figure represents a folder.

A.2 Measurement Data Files

Each measurement raw data file includes data for two or three TX incident angles and
two antenna polarization combinations. For each TX incident angle and antenna polar-
ization combination, a total of 200 diffraction angles were measured, in step increment
of 0.5°, corresponding to a total of 100° measured diffraction angles. An example of the
raw data file is shown in Fig. A.2, where the first column contains diffraction angle «
in degree and the second column contains relative diffraction loss measured in decibel.
The relative diffraction loss is obtained by subtracting free space path loss at 3 m dis-
tance (equals dj + da) from the measured path loss using spectrum analyzer at different

diffraction angles.

A.3 Measurement Static Information Files

In addition to the collected raw data, complimentary static information files are provided
for each measurement, for each measurement location (L1, L2, and/or L3), at each TX
incident angle (M1, M2, and/or M3), and for each antenna polarization combination
(VV and HV). An example row of the static information file is shown in Fig. A.3, which

refers to a measurement file with the following settings and configuration:
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Alpha (degree) Diffraction Loss (dB)
ca,
52.
52.
56.
56.
7.
54,
47.
48.
44,
41.
42.
42.
43,
44,
45.
47.
46.
45,
47.
=1
44,
41.
39.
39.

44,
43,
43,
42,
42,
41.
41.
48,
48,
39.
39.
38.
38.
37.
37.
36.
36.
35.
35.
34,
34,
33.
33.
32.
32.

BEae
e
egag
S0eg
ageg
>oeg
aaag
S0eg
egen
>0
Baag
seeg
egeg
Saeg
aaag
seeg
egag
Saeg
BEae
e
egag
S0eg
ageg
>oeg
aaag

3628
2458
gego
BAo63
8241
asag
1292
agan
gol1e
7891
B330
3358
7434
1383
2085
BE51
7168
o958
7132
agel
BRED
Seag
4458
gy7e
3878

FicUrRE A.2: Example of .txt raw data file for one TX incident angle and antenna polarization

combination measurement acquired during the measurement campaign.

Frequency: 26 GHz

Location: 2

Measurement: 2

Material: Marble

TX Height (m): 1.4
RX Height (m): 1.4
TX Polarization: H

TX Polarization: V

dl (m) 1.4

dy (m): 1.4
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e beta (degrees)

e Filename: Dif f_ Out 26GHz_L2_M2 _HV.txt

H = $ [100% Q
# Home Layout Tables Charts SmartArt Formulas Data Review

| Edit Font Alignment Numbar Format

ﬁ L [® - [caioriBoay)  [+[12 [+]|As A~ |abev | S wrapText » - |General | Normal %s .
| paste (7 Clear ™ B YU || & - A i Merge ;.@ "% 2 || %8| 50 Eg:‘:m‘:‘: Bad Insert

ME i @ © [ fx| Diff_Our_26GHz_L2_M1_|_HV.txt
1 A B C_ | D | E I F G H_ | 1 [ L I M

, 1 | Frequency (GHz) Location Measuremer Environment Material TX Height {m RX Height (m TX Pelarizati RX Polarizatii d1 (m) @2 (m) beta (degree Filename
[z ] 26 1 1 Indoor Stone 14 14V v 2 1 21 Diff_Out_26GHz_L1_M1_|_WW.txt
ER 26 1 2 Indoor Stone 14 14V v 2 1 35 Diff_Out_26GHz_L1_M2_|_WW.txt
‘L 26 1 1 Indoor Stone 14 14 H v 2 1 21 Diff_Out_26GHz_L1_M1_|_HV.txt
L5 | 26 1 2 Indoor Stone 14 14 H v 2 1 35 Diff_Out_26GHz_L1_M2_|_HV.txt
i 6 26 2 1 Indoor Marble 14 14V v 2 i 20 Diff_Qut_26GHz_L2_M1_|_WV.ox

7 26 2 2 Indoor Marble 14 14V v 2 1 36 Diff_Out_26GHz_L2_M2_|_WW.txt

8 26 2 1 Indoor Marble 14 14 H v 2 1 20 Diff_Out_26GHz_L2_M1_|_HV.txt
lz 26 2 2 Indoor Marble 14 14 H v 2 1 36 Diff_Out_26GHz_L2_M2_|_HV.txt
[10 | 20 1 1 Indoor Stone 14 14V v 2 i 21 Diff_Qut_20GHz_L1_M1_|_WV.ox
lL 20 1 2 Indoor Stone 14 14V v 2 1 35 Diff_Out_20GHz_L1_M2_|_WW.txt
12 | 20 1 1 Indoor Stone 14 14 H v 2 1 21 Diff_Out_20GHz_L1_M1_|_HV.txt
13 | 20 1 2 Indoor Stone 14 14 H v 2 1 35 Diff_Out_20GHz_L1_M2_|_HV.txt
|14 | 20 2 1 Indoor Marble 14 14V v 2 1 20 Diff_Qut_20GHz_L2_M1_|_WV.txt
|15 | 20 2 2 Indoor Marble 14 14V v 2 i 36 Diff_Out_20GHz_L2_M2_|_WV.tx

16 20 2 1 Indoor Marble 14 14 H v 2 1 20 Diff_Out_20GHz_L2_M1_|_HV.txt
117 | 20 2 2 Indoor Marble 14 14 H v 2 1 36 Diff_Out_20GHz_L2_M2_|_HV.txt
'i 10 1 1 Indoor Stone 14 14V v 2 1 21 Diff_Out_10GHz_L1_MI_|_WV.txt
119 | 10 1 2 Indoor Stone 14 14V v 2 1 35 Diff_Out_10GHz_L1_M2_|_WV.txt
| 20 | 10 1 1 Indoor Stone 14 14 H v 2 i 21 Diff_Out_10GHz_L1_M1_|_HV.txt
21 | 10 1 2 Indoor Stone 14 14 H v 2 1 35 Diff_Out_10GHz_L1_M2_|_HV.txt

22 10 2 1 Indoor Marble 14 14V v 2 1 20 Diff_Out_10GHz_L2_M1_|_W.txt

23 10 2 2 Indoor Marble 14 14V v 2 1 36 Diff_Out_10GHz_L2_M2_|_WV.txt
| 24 | 10 2 1 Indoor Marble 14 14 H v 2 i 20 Diff_Out_10GHz_L2_M1_|_HV.txt
25 | 10 2 2 Indoor Marble 14 14 H v 2 1 36 Diff_Out_10GHz_L2_M2_|_HV.txt

26

FIGURE A.3: Example of .xlsx static information file for indoor measurements.
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