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Abstract

This research focuses on radio wave propagation at millimeter-wave frequencies. A measurement

based channel characterization approach is taken in the investigation.

First, measurement techniques are analyzed. Three types of measurement systems are designed,
and implemented in measurement campaigns: a narrowband measurement system, a wideband
measurement system based on Vector Network Analyzer, and sliding correlator systems at 5.8 GHz,
38 GHz and 60 GHz. The performances of these measurement systems are carefully compared both

analytically and experimentally.

Next, radio wave propagation research is performed at 38 GHz for Local Multipoint Distribution
Services (LMDS). Wideband measurements are taken on three cross-campus links at Virginia Tech.
The goal is to determine weather effects on the wideband channel properties. The measurement
results include multipath dispersion, short-term variation and signal attenuation under different
weather conditions. A design technique is developed to estimate multipath characteristics based

on antenna patterns and site-specific information.

Finally, indoor propagation channels at 60 GHz are studied for Next Generation Internet (NGI)
applications. The research mainly focuses on the characterization of space-time channel structure.
Multipath components are resolved both in time of arrival (TOA) and angle of arrival (AOA).
Results show an excellent correlation between the propagation environments and the channel mul-

tipath structure.

The measurement results and models provide not only guidelines for wireless system design and

installation, but also great insights in millimeter-wave propagation.
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Chapter 1

Introduction

1.1 Trends Towards Millimeter-Waves

The birth of wireless communications dates back to the nineteenth century, when H. R. Hertz,
N. Tesla, G. Marconi, and other scientists experimented with the transmission and reception of
electromagnetic waves [13]. Since Marconi patented his first wireless telegraph in 1897, wireless
communication has evolved into one of the fastest growing industries of the 20* century [14].
Today’s wireless services include not only two-way voice communications, but also data and multi-
media transmissions. The most distinct trends in the evolution of wireless communications are the
search for better grades of service, higher system capacity, and higher frequency and bandwidth

(higher data rates).

In the last 20 years, cellular and personal communications services (PCS) have grown into a global
telecommunications service with over 300 million subscribers, 40% of the world’s installed wired
telephone base. Most of these services occupy low frequency bands such as 824 MHz - 894 MHz for
cellular systems and 1.8 GHz - 2.0 GHz for PCS in the US. Targeted mainly for the low-data-rate
voice transmission, the assigned channel bandwidth is relatively narrow: 30 kHz for the Advance

Mobile Phone Systems (AMPS) and 200 kHz for the Global System for Mobile (GSM), for example.

The integration of the voice, video, data and other broadband services has created enormous growth

potential for the wireless industry. The Internet and the desire for untethered communications
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has propelled numerous broadband wireless services. Emerging wireless systems include wireless
data transmission, video distribution, wireless local area networks (WLAN), teleconferencing, last
mile Internet access, wireless local loop telephony (WLL), intelligent transport systems (ITS), and

telemedicine.

These wireless systems offer a number of advantages over their wired counterparts, including mobil-
ity of operation, and flexibility in installation and maintenance. The asynchronous transfer mode
(ATM) technology, which is independent of the media of transport at the physical layer, allows
the integration of wireless systems, satellite networks, fiber networks, cable networks and telephone

networks into the Broadband Integrated Services Digital Network (B-ISDN) [15].

Unlike voice transmission, data and multimedia services require much higher bandwidth. The
proposed data rate in wireless broadband systems is as much as 155 megabits per second (Mb/s)[1].
Future wireless communications systems will require even higher bandwidth to be able to provide
any service at any time anywhere in the world. Due to the frequency congestion at lower frequencies
and the high bandwidth requirement, microwave and millimeter-wave frequencies are the best

candidates for these future wireless systems.

1.2 Advantages of Millimeter-Wave Systems

Millimeter-waves ! possess unique advantages in indoor and short-range outdoor communications.
These advantages are large spectrum availability, high frequency reuse potential, and small antenna

and equipment size [1].

e Proposed broadband systems require up to hundreds of MHz of bandwidth to support high
network capacity (see Section 1.3). Large bandwidth availability makes millimeter-wave fre-
quencies uniquely preferable for broadband services. At 60 GHz, for example, as much as
5 GHz bandwidth (from 59 GHz to 64 GHz) is available as license free spectrum in the US
[16].

Millimeter-wave frequency ranges from 30 GHz to 300 GHz. This frequency range is also designated as extra
high frequency (EHF).
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e Millimeter-waves suffer high attenuation due to precipitation, gaseous absorption, and pen-
etration loss through vegetation or walls. In particular, at 60 GHz, the oxygen absorption
causes excess attenuation of 15 dB/km in addition to the free space path loss [17]. Due to the
high propagation loss and high noise floor over a wide bandwidth, millimeter-wave systems
will be used only for short range communications from a few meters up to few kilometers. The
small cell size allows high frequency reuse potential and, thus, increased system capacity. For
indoor applications, frequency reuse can be possible even between neighboring rooms because
of the severe penetration loss through inner walls [18]. Finally, the large propagation loss at
millimeter-wave frequencies can be also used to secure transmitted information in military or

other security applications.

e At millimeter-wave frequencies, antenna size is greatly reduced. Highly directional antennas
can be used to provide high power gain and to suppress multipath interference. Due to the
small wavelength, a very small separation distance is required to implement spatial antenna

diversity techniques to improve system performance.

e The size of radio-frequency components also reduces with the increase of frequency. Advances
in radio-frequency (RF) integrated circuits (IC) technology are a driving force for millimeter-
wave system development. Today’s 1C technology has pushed transistor operation speeds well
above 10 GHz. Technological growth in Very High Speed Integrated Circuit (VHSIC) and
Microwave and Millimeter-wave Monolithic ICs (MMICs) greatly improves the performance

of millimeter-wave components, while reducing the size and cost [19].

In summary, the advantages of millimeter-wave systems coupled with the enabling technology makes
the millimeter-wave frequency band the most attractive candidate for broadband wireless services

with low-cost miniaturized equipment.

1.3 Proposed Millimeter-Wave Applications

The exploration of upper-microwave and millimeter-wave frequencies supports the development of
applications with high data rate and high bandwidth requirements. With high available band-

width, millimeter-wave applications are capable of integrating voice, data, multimedia and other
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information services. The proposed applications are multipoint distribution systems, WLAN, ITS,

emergent ad hoc systems, Next Generation Internet (NGI), and other broadband applications [1].

Commercialization of millimeter-wave frequencies is initiated by governments throughout the world.
In particular, the U.S. Federal Communications Commission (FCC) auctioned a large part of the
millimeter-wave spectrum around 28 GHz for Local Multipoint Distribution Service (LMDS) in
February 1998, and allocated 38.6 - 40 GHz band for fixed point-to-point/multipoint as well as
mobile communications in 1999. The tentative date for the auction of the 38 GHz band is the
forth quarter of 1999. As much as 5 GHz (59-64 GHz) of spectrum around 60 GHz is license-free
and may potentially be used for indoor and short-range applications [16]. In Canada, 1 GHz RF
spectrum in the 28 GHz band is allocated for Local Multipoint Communications Services (LMCS)
in November, 1996 [20]. In Europe, the proposed broadband wireless services are High-Performance
Radio LAN (HIPERLAN) at 5 GHz and 17 GHz [21, 22], Multichannel Multipoint Distribution
Systems (MMDS) at 42 GHz [23], and Mobile Broadband Systems (MBS) at 40 GHz and 60 GHz
[1,22]. HIPERLAN is in the standardization phase in the European Telecommunications Standards
Institute (ETSI), and MBS is still in the development phase [22]. This section reviews some of the

most important applications.

1.3.1 LMDS/LMCS

The idea of using wireless point-to-point links to provide data transmission has been used at
microwave frequencies. The frequency bands of 2 to 18 GHz are used to provide LOS microwave
links. These microwave links have typical path length of tens of kilometers, and antenna tower
heights of 50 to 100 m [24, 25]. Due to the huge available bandwidth, millimeter-wave frequencies
are also proposed to provide point-to-point /multipoint links, such as LMDS. Unlike their microwave

counterparts, millimeter-wave links have much shorter path lengths, typically up to few kilometers.

Typical LMDS systems have a configuration similar to cellular system as shown in Figure 1. Cover-
age area is divided into small cells with radii of up to few kilometers. Each cell contains a centrally
located transmitter (hub) and multiple receivers or transceivers (subscribers). Point-to-point links
are used to interconnect the cell with a central processing center and /or with other cells. For point-

to-multipoint links within a cell, transmitter antennas are typically sector antennas, and receiver



Chapter 1. Introduction. 5

antennas are highly directional antennas. LMDS is capable of offering subscribers a variety of one-
and two-way broadband services, such as video distribution, teleconferencing, WLL, high speed
data transmission, and Internet access. LMDS offers a flexible, low-cost alternative to wired local

exchange and cable television services [16].

Cellular Configuration of LMDS Systems

Point-to-point link Point-to-multipoint links
between hubs between hub and subscribers

Figure 1: LMDS system configuration.

Millimeter-wave links can also be used to interconnect fiber or satellite networks to their end-users
to provide video distribution and Internet access [26]. Figure 2 demonstrates possible configurations
that will enable apartment dwellers to access broadband satellite or fiber networks using millimeter-
wave links. Comparing with cable or fiber connections, millimeter-wave links offer easy installation,

easy maintenance, and highly flexible reconfiguration.

Although LMDS was first proposed at 28 GHz, other millimeter-wave frequencies are also considered
for point-to-point/multipoint links. In the US, the 38 GHz band is allocated both for millimeter-
wave point-to-point/multipoint links and other mobile applications [16]. In Europe, the 38 GHz
band (37-39.5 GHz) has been allocated for use in personal communications network (PCN) systems
to interconnect base stations. These millimeter-wave links connect the base station controller and

the individual cell base stations, or interconnect cell base stations. Typical length of these links is
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Wireless Distribution Methods

Saterlite Access
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] \
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Fiber Access \
Underground Fiber

Figure 2: Wireless distribution methods of broadband services.

less than 10 km [23].

Current Service Providers and Supporting Technology

In terms of the national deployment of LMDS, Canada is a few years ahead of the US. In Canada,
28 GHz band was allocated for broadband wireless services in 1996, two years before the 28 GHz
spectrum auction in the US. Industry Canada selected three companies, Cellular Vision Canada,
MaxLink Communications and Rural Vision, to provide LMCS in Canada [20]. In the US, the top
five LMDS license holders are WNP Communications, NEXTBAND Communications, Winstar,

Baker Creek Communications and Cortelyou Communications Corp [16].

In Canada, Newbridge Networks (Ontario) provides the network technologies, including the multi-
service switch and wireless transceivers, to interconnect end-users to the asynchronous-transfer-
mode (ATM) backbone. In the US, Lucent Technologies offers network products such as the
GlobeView 2000 broadband switch to support ATM networks with 5 to 20 Gb/s data capacity.

Nortel supplies its Reunion point-to-multipoint radio-access system, which connects the users to
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a central base station. The base station connects to the network through fiber optic links (OC-3,
155.520 Mb/s). Private-branch exchanges (PBX) and computer networks are connected to the
network using T1, T3 and Ethernet 10Base T connections. Bosch Telecom offers a system called
SpectraPoint to provide two-way digital distribution of multimedia services for LMDS applications.
Winstar is concentrating on providing high bandwidth voice and data into office buildings, especially
video teleconferencing. Advanced Radio Telecom Corporation (ART) is partnered with Lucent
Technologies to provide networks with internet services. ART is currently operating an Internet
Protocol (IP) ATM backbone network with 64 kb/s to 10 Mb/s data rates in Seattle, WA, Phoenix,
AZ and Portland, OR [27]. Cellular Vision (New Jersey) is currently operating an analog broadcast
video system in New York using the 28 GHz LMDS technology. Cellular Vision systems have a cell
radius of 4.8 km, a bandwidth of 20 MHz for each channel, and a radiated power of 10 mW per

channel.

1.3.2 WLAN

WLAN provides untethered Internet and data access. Today’s WLAN deployments are mainly in
microwave frequencies between 900 MHz and 5.8 GHz. In Europe, HIPERLAN has been proposed
as an extension or replacement for fixed LANs. HIPERLAN supports indoor communications
between computers, as well as real-time voice and image signals. It allows physical channel bit
rates up to 23.5 Mb/s at 5 GHz and 17 GHz bands [22]. In the US, current WLANSs are developed
mainly in the license-free Industrial, Scientific, and Medical (ISM) bands and National Information
Infrastructure (NII) band. The ISM bands occupy 902 MHz to 928 MHz, 2.4 GHz to 2.4835 GHz,
and 5.725 GHz to 5.85 GHz. The NII band is allocated in the 5.15-5.35 GHz and 5.725-5.825 GHz
range and was formed by the FCC in 1997 to initiate the formation of a nationwide “information
superhighway”, which interconnects computers, telecommunication networks, and other services

and applications [28].

Millimeter-wave WLAN technology is mainly being developed in the 40 GHz and 60 GHz frequency
bands [1, 18, 22]. Figure 3 demonstrates a scenario for a millimeter-wave WLAN. Frequency can
be reused in adjacent rooms due to the high attenuation. Huge license-free bandwidth can support

voice, data, and video at much higher speed than today’s microwave WLAN.
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Indoor Applications
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Figure 3: Application scenario for WLAN.

1.3.3 Mobile Applications

Due to the extremely high variability of the millimeter-wave channel, the majority of millimeter-
wave applications are proposed for fixed LOS links such as LMDS. Some applications allow low
degree of mobility such as WLAN, where a portable computer may be in very slow motion. Few
applications are proposed for mobile applications, such as ITS. In such systems, millimeter-wave
is used to interconnect vehicles and exchange information about road conditions, relative speed,
relative distance, etc. Such information can also be gathered from an information center near the

road as shown in Figure 4.

In Europe, services with both high data rate and mobility are supported by MBS. The objective of
MBS is a mobile and wireless extension or replacement of fixed broadband integrated services digital
network (B-ISDN) [22]. It has wide range of both indoor and outdoor, fixed and mobile applications
including wireless access to banking, High Definition (HD) video phone, High Definition Television
(HDTV) distribution, LAN interconnection, and interactive TV. MBS will occupy the 40 GHz and
60 GHz bands and it will support channel bit rates as high as 155 Mb/s [22].
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Figure 4: Application scenario for Intelligent Transport Systems [1].

1.4 Challenges in Millimeter-Wave Propagation

The millimeter-wave spectrum offers enormous application potential and will become the next fron-
tier for terrestrial-based wireless communications. As with any engineering development, employ-
ment of millimeter-wave frequencies also has great technical challenges. One fundamental challenge

is the characterization of the radio wave propagation channel at these frequencies.

Due to the small wavelength at millimeter-wave frequencies, the propagation channel may be ex-
tremely time varying and unpredictable. At 60 GHz, for example, the wavelength is only 5 mm,
and the phase of an electromagnetic wave shifts 180 degrees for every 2.5 mm in propagation dis-
tance. Furthermore, most reflective surfaces appear rough with respect to this wavelength, and
the incident wave will be scattered both in specular and non-specular directions, resulting in both
coherent and incoherent field components. Compared to the small wavelength, vegetation leaves
will be large random scatterers, causing attenuation, depolarization and beam-broadening. Finally,
the wideband millimeter-wave channel is subject to change under different weather conditions. At-
mospheric effects, such as rain, hail and media inhomogeneity will cause excess attenuation, beam
bending, depolarization and multipath propagation. These effects must be studied quantitatively

for reliable system design.
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1.5 Organization of the Report

Although a lot of research has been undertaken at lower frequencies such as UHF and microwave
frequencies [14, 29, 30], much less research has been performed to investigate the millimeter-wave
propagation channel. This research focuses on terrestrial millimeter-wave radio channel charac-
terization. Both experimental and theoretical approaches were taken to measure and model the
millimeter-wave channel. Research was performed at 38 GHz for LMDS applications and at 60 GHz
for indoor applications. A wideband measurement system was built to operate in the 38 GHz and
60 GHz bands. The system was used to measure 38 GHz channels under different weather con-
ditions in a campus environment. The measurement results include excess attenuation, channel
time dispersion and short-term signal variation during different weather events from the measure-
ments. A new design technique was developed to estimate wideband channel characteristics based
on site-specific information. The research at 60 GHz mainly focused on the space-time characteris-
tics. Results include power delay profiles and power angle profiles of the multipath channels. The

organization of the dissertation is as follows.

Chapter 2 introduces fundamental concepts of radio wave propagation and various channel models.
Effects of the receiver bandwidth and the antenna beamwidth on the received signal characteristics

are also discussed.

Chapter 3 presents a thorough technical review of various measurement techniques. Narrowband
techniques and three wideband measurement techniques are analyzed. Mathematical models and
operation principles for these techniques are reviewed, and implementation issues are discussed
with hardware design examples. A measurement campaign was performed to compare two most
commonly used wideband techniques: the time domain technique using a sliding correlator system
(SCS) and the frequency domain technique using a vector network analyzer (VNA). Also included
is a time measurement error analysis for the SCS. The theoretical results are verified by the mea-

surements. Finally, the 38 GHz and 60 GHz wideband channel sounding systems are described.

Chapter 4 includes a overview of the main propagation considerations for terrestrial millimeter-
wave applications. Fundamental propagation mechanisms such as diffraction, refraction, reflection

and scattering are discussed. Special emphasis has been placed on the rough surface scattering
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and the random media scattering due to the vegetation and rain. A detailed literature survey on

millimeter-wave propagation is performed for both outdoor and indoor environments.

Chapter 5 describes results of an extensive measurement campaign performed at 38 GHz using
three cross-campus radio links from April to August 1998 at Virginia Tech. A total of 73,963 power
delay profiles (PDPs) were recorded during different weather events such as clear sky, rain, and
hailstorm. The measurement results include wideband channel PDPs, short-term signal variation
during rain, change of the coherent and incoherent fields as a function of rain rate, and attenuation

due to rain, hail, glass and vegetation.

Chapter 6 presents a novel design technique developed to estimate channel multipath characteristics
based on antenna patterns and site-specific information. New metrics such as relative power zones
and excess delay zones are defined and contour plots are developed to determine potential reflectors

from an area site map.

Chapter 7 presents the results of a propagation study at 60 GHz. Measurements were performed
at 6 indoor locations and 2 outdoor locations. Multipath components were resolved in time delay
by a sliding correlator and in space by sweeping a directional antenna in azimuth. The multipath
structure was carefully analyzed in each location. Results show excellent correlation between the

propagation environment and the channel multipath structure.

Finally, Chapter 8 summarizes the results and defines future research directions.



Chapter 2

Propagation and Reception

Fundamentals

This chapter introduces fundamental concepts of radio wave propagation and reception. In any
wireless system, the received signal must exceed the receiver noise floor by a minimum signal-to-
noise ratio (SNR) in order for the receiver to correctly detect the transmitted information [31, 32].
Issues concerning received signal power and system coverage are discussed in Section 2.1. Further-
more, in wideband wireless systems, multipath dispersion may cause intersymbol interference (ISI)
and increase bit-error-rate (BER) [33]. Multipath channel models and effects of receiver bandwidth
on the received signals are described in Section 2.2. Finally, for systems deploying narrowbeam an-
tennas, such as LMDS, spatial channel information is extremely important. Spatial channel models

and effects of antenna beamwidth on the received signals are discussed in Section 2.2.

The concepts and models presented in this chapter are essential for channel measurements and

modeling that will be presented in Chapters 4 through 7 of this work.

12
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2.1 System Coverage

2.1.1 Path Loss Models
Free Space Path Loss Model

Channel induced attenuation is characterized by path loss, which is the difference of transmitted
power and received power expressed in dB calibrating out system gains and antenna gains. The

power attenuation in free space is given by Friis free space path loss [14]
PLys(d) = 20log (4md/N) (2.1)
where d is the transmitter-receiver (TR) separation and X is the wavelength.

This model is valid only for the distances that are in the far-field, or Fraunhofer region of the

transmitter antenna. The far-field is the region that satisfies the following relationships [34]

d > D (2.2)
d > A (2.3)
d > dy (2.4)
df = 2—?\2 (2.5)

where D is the largest dimension of the antenna, A is the wavelength, and dy is Fraunhofer distance.

Path Loss Exponent Model

Most often, a close distance dy is used as a reference distance for path loss models, where dy is
larger than dy, and smaller than practical transmitter and receiver separation distance. Typical dg

values are 1 m for indoor systems, 100 m or 1 km for outdoor environments [14].

Path loss over distance d > dy can be described by the path loss exponent model as following:

PL(d)[dB] = PL;,(do)[dB] + 10n 1og10(di0 ) (2.6)

where PL(d) is the average path loss value at a TR separation of d, PL(dp) is the free space path

loss at the reference distance dg, and n is the path loss exponent that characterizes how fast is
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the path loss increases with the increase of TR separation. For free space propagation, n equals

2. Obstructions between the transmitter and receiver, and multipath propagation change the n

value [2]. One example of the measured path loss exponent is presented in Figure 5. In path loss
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Figure 5: Path loss scatter plot for the residential measurement data at 5.85 GHz [2].
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exponent model, only one parameter n is used to characterize the channel. Although it provides

a simple tool for path loss estimates, it normally results in large variance of the prediction error

between the predicted path loss and actual measurement results.

Partition Based Path Loss Model

It is found that path loss is highly correlated with the total number and types of obstructions

between the transmitter and the receiver [2, 35, 36]. Partition based path loss models take into

account site-specific information in propagation prediction. This model estimates the total path loss

as the sum of the free space path loss and the penetration loss caused by each of the obstructions

as follows:

PL(d)[dB] = PL(do)[dB] + 201log;,

N
4 ¥ X,[dB
0 =1

(2.7)
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where X is the attenuation value of the ith obstruction between the transmitter and the receiver.
For outdoor propagation environments, the obstructions can be exterior walls, trees, or terrain.
For indoor propagation environments, the obstructions can be interior walls and furniture. Results
from [2] show that the partition based path loss model effectively reduces the standard deviation

of the prediction error as compared to the path loss exponent model.

2.1.2 Link Budget

The received signal power, P,, is given by
P.[dBm] = P,[dBm] + G¢[dB]| 4+ G,[dB] — PL(d)[dB] (2.8)

where P; is the transmitted power, G; and G, are transmitter and receiver gains, respectively, d is
the TR separation, and PL(d) is the path loss evaluated by (2.1) for free space, (2.6) or (2.7) for

other environments.

As mentioned in the beginning of this chapter, the received signal power must exceed the receiver
noise floor by a minimum SNR for signal detection. SNR is defined as the ratio of the received

signal power, P, and noise power, Py, in linear scale, or difference of P, and Py in dB.

SNR[dB] = P,[dB]— Py[dB] (2.9)

Noise power of the receiver is determined by effective receiver noise temperature and receiver
bandwidth as [31, 32]:
PN[dB] =10 loglo k + 10 loglo T -+ 10 loglo B (210)

where k is Boltzmann constant, which equals 1.38 x 10723 J/K, T is the effective noise temperature

of the receiver system in K, and B is the receiver bandwidth in Hz.

At millimeter-wave frequencies, the system coverage area is much reduced compared with systems
at microwave frequencies, if transmitted power and required SNR are assumed to be equal. This
is due to several reasons. Equations (2.8) shows that as the carrier frequency increases, the free
space path loss increases and the received signal power decreases. Furthermore, measurements
showed high penetration loss through glass, walls, vegetation and other obstacles at millimeter-

wave frequencies [10, 37, 38, 39, 40]. As a result, the coverage area of millimeter-wave systems is
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mainly constrained to the area with LOS clearance to the receiver. Also, millimeter-waves suffer
high attenuation due to precipitation such as rain and hail, so a link budget margin is required to
guarantee system coverage under severe weather conditions. Finally, due to the wide bandwidth
used in millimeter-wave systems, the receiver noise power is increased. The reduction of received
signal power and increase of receiver noise power lead to a limited coverage area for millimeter-wave

systems. Typical millimeter-wave systems have distances less than a few kilometers.

2.2 Multipath Propagation

2.2.1 Space-Time Channel Models

In a typical propagation environment, the EM waves traverse different paths from the transmitter
antenna to the receiver antenna as the results of scattering, reflection, or diffraction. Figure 6
shows the basic propagation mechanisms that cause multipath propagation. Detailed discussions

of reflection, scattering and diffraction are presented in Chapter 4.

PROPAGATION MECHANISMS

REFLECTION

SCATTERING

Figure 6: Fundamental propagation mechanisms.
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At any point in space, the total electro-magnetic (EM) field is the superposition of LOS component
and other multipath components. Each multipath component can be characterized by its amplitude,
phase, time of arrival (TOA), and angle of arrival (AOA). These EM waves excite the receiver
antenna, and produce the complex voltage of the received signal [34]. The received signal power
and envelope (amplitude) depend on not only the exciting EM waves, but also the receiver time

resolution (bandwidth), and the antenna spatial resolution (beamwidth).

As a starting point, we assume that the system has infinite resolutions in both time and space
(AOA). When the system has an infinite time resolution, i.e. an infinitely wide bandwidth, the RF
channel can be modeled as a linear filter with a complex baseband channel impulse response, hy,

as following [14, 41, 42, 43]:

N—-1
hy(T) = Z a; exp (—jv;)d(T — 1) (2.11)
=0

where 7 is the delay time variable, N is the number of the multipath components, a;, 1¥; and 7; are
the amplitude, phase and TOA of the iy, multipath component, respectively, and the () denotes

delta function.

When the receiver antenna has an infinite spatial resolution, i.e. infinitely narrow beamwidth, the

space-time channel model has the following form:

N-1
ho(1,0,0) = Y ajexp (—jvi)d(r — 73)8(0 — 0;)3(¢ — ¢s) (2.12)
i=0

where ¢ and 0 are the azimuthal and elevational AOAs, as shown in Figure 7. This space-time chan-
nel model fully describes the stationary channel response. In a time varying channel, parameters

hy, @i, Vi, Ti, 0;, ¢; can be time dependent variables [44].

Practical systems have finite receiver bandwidths and antenna beamwidths; therefore, the received
signal is a phasor summation of multipath components that arrive within the receiver pulse duration

and the receiver antenna beamwidth.
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Figure 7: AOA model.

2.2.2 Receiver Bandwidth Consideration
Wideband Systems

In practice, a system is considered wideband ! if the transmitted signal has a pulse duration less
than the relative delay between any two multipath components. In other words, the receiver has a
bandwidth wide enough to distinguish each multipath component by its delay. The received signal
would be a sequence of multipath components spaced by their TOA. The impulse response of the

channel consists of discrete impulses of multipath components as shown in (2.11) and Figure 8.

In wideband systems, the multipath delay times are larger than the pulse duration. Therefore,
when data are transmitted, delayed multipath components of one information bit may arrive at the
time slots of later information bits, which gives rise to ISI. On the other hand, in a small local area
(on the order of 10 squared wavelength), although the phase of each multipath component may
change rapidly, the power or envelope of each multipath component does not change significantly.

Therefore, in wideband systems, system performance is mainly determined by multipath time

Tt must be mentioned that terminology “wideband” is defined differently in RF circuit design or antenna design,
where wideband or narrowband is determined based on the ratio of signal bandwidth with respect to the carrier
frequency. For example, a system with a 2 GHz RF bandwidth centered at 60 GHz, operating in a channel with a
minimum relative delay larger than 1 ns, will be wideband by the propagation definition, since it can resolve 1 ns of
time delay. But it will be narrowband in antenna design terminology, because the bandwidth represents only 3% of
the carrier frequency.
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Figure 8: Wideband and narrowband channel models

dispersion.

Wideband Channel Characterization

The wideband RF channel can be described by power delay profiles (PDPs), which are plots of
relative received power as a function of excess delay with respect to a fixed time delay reference

[14]. For the channel impulse response model given in (2.11), the PDP is given by

N-1 N-1
|hb(7')|2 = Z ]a¢|2(5(7' —T) = Z Pié(r — 1) (2.13)
i=0 i=0

where P; is the power of the ith multipath component.

Most often, parameters such as the total number of multipath components, mean excess delay,
root-mean-square (rms) delay spread, and coherent bandwidth are used to describe channel time

dispersion [14, 45].
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Mean excess delay is the first moment of the PDP and it is defined as

N : N
> oapTk 2 Pl
= k=1 _ k=1 (214)

N 9 N
> ag > P(Tk)
k=1 k=1

where ay, 7, and P(7x) are the amplitude, delay and power of the kth multipath component,

respectively.

The rms delay spread is the square root of the second central moment of the power delay profile

and is defined as

o, =\72—72 (2.15)
where
N, N
ATy > P(me)7;
72 = k=]1V — ’fj (2.16)
> ajf > P(7k)
k=1 k=1

Both the delay values and power values in (2.14) to (2.16) are measured relative to the first de-

tectable signal at the receiver.

Coherent bandwidth is a statistical measure of the range of frequencies over which the channel
responses have approximately equal gain and linear phase, i.e. the channel responses are corre-
lated [14]. Corelation bandwidth can be measured indirectly from wideband time measurements
by taking the Fourier Transform of the average PDP [46], or it can be measured directly from fre-
quency sweeping measurements using VNA. Lee has shown that, as a rule of thumb, the correlation

bandwidth with correlation level of 0.9 is related to RMS delay spread by [30]

1
500

Be~ (2.17)

Narrowband Systems

In narrowband communications systems, the pulse duration is large relative to the channel time
delay spread. The received signal is the vector summation of all the multipath components. The

narrowband channel model can be achieved by assigning delays to zero in the channel wideband
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impulse response, resulting in the following

N—-1

ho(t) = > ai(t) exp [—jabi(t)] (2.18)
=0

The time variable is added to account for the channel time variations due to the transmitter/receiver

motion, or any other changes in the channel.

When adding the multipath components, the enhancement or reduction in the amplitude of the
resulting received signal depends on the phase differences of the multipath components. Due to
the rapid phase change of each multipath component along the wave propagation path, multipath
components interfere with each other constructively and destructively along the receiver path in
space. Received signal power not only experience large-scale attenuation due to the increase of
distance, but also undergoes rapid fluctuation in a small local area, i.e. small-scale fading [47, 48].
Note that small scale fading is the result of the vector summation of the multipath components.
Therefore, if the bandwidth of a system is wide enough to resolve each multipath component, the
system does not undergo small scale fading. Practical wideband systems have finite bandwidths,
and the signal pulse may still contain several multipath components. In this case, the small scale
fading behavior of the wideband pulse is determined by the multipath components that arrive

within the pulse duration [49].

Narrowband Channel Characterization

In a narrowband system, the received signal power may change rapidly due to small scale fading.

Therefore, the received signal power is of major concern.

The distributions of the received signal envelope in small scale fading channels are described by
probability density functions (PDFs) such as Rician distribution, Rayleigh distribution and TIP
(Two-Wave with Incoherent Power) distribution [49, 50, 51]. In [47], Clark proposed a classical
model for small-scale fading signal. The received signal is modeled as the vector summation of
coherent field and incoherent field components. The incoherent fields are the results of diffuse scat-
tering, and their phase terms are completely random. The coherent fields are the field components
that have constant phase terms, such as the LOS field component and specular reflected field com-

ponents. When the received signal consists of numerous incoherent field components and none of
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them has a dominant power, the signal envelope follows the Rayleigh distribution [6, 14, 17, 51].
When received signal is the sum of a strong coherent field component and numerous small incoher-
ent field components, the signal envelope obeys the Rician distribution [50, 52, 53]. The class of
PDFs is extended by Durgin to TIP, which describes the envelope of the received signal, consisting

of two coherent waves and numerous incoherent waves [49].

Besides signal PDFs, parameters such as average received power, fading depth, level-crossing rate

and fade duration are used to describe the power level and rate of change of the received signal

47, 54].

2.2.3 Antenna Beamwidth Consideration

Similar to the fact that a wideband receiver separates multipath components by their TOAs, a
narrowbeam antenna allows spatial separation of multipath components by their AOAs. As shown
in Figure 9, when the antenna beamwidth increases, the received signal is the vector summation of

the multipath components that arrive within the antenna beamwidth.

Spatial resolution of the Rx antenna
90

150

180

Multipath

210 330 component

Antenna
270 mainbeam

Figure 9: Spatial resolution of the receiver antenna.

For typical terrestial propagation, radio waves arrive at the receiver from azimuthal directions
about the horizon [48]. Channel AOA information can be characterized by the angular distribution

of the multipath power, p(@), where 6 is the azimuthal angle in the range of [0,27].
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Similar to rms delay spread, angular dispersion is characterized by rms angular spread, og, as

following [55]:

o9 =\ 020 (2.19)
where
N N
> apbk > P(0r)0
0 = k:]b — k:N (2.20)
> ap > P(0k)
k=1 k=1
3 207 3 P(6,,)07
o apbp X (0r) 0%,
02 ==L ==L (2.21)
> af > P(6k)
k=1 k=1

where ay, 0., P(0)) are amplitude, AOA and power of the kth multipath component, respectively.

An alternative angular spread definition is proposed in [56]. Angular spread, A, is defined as

following
| F1?
A= /1 -0 2.22
2w
F, = / p(6) exp(jnd)do (2.23)
0

where F), is the nth complex Fourier coefficient of p(6). By this definition, angular spread ranges
from 0 to 1, where 0 denotes the extreme case of single multipath component from a single direction,

and 1 denotes no clear bias in the angular distribution of the received power [56].

2.3 Summary

This chapter reviews the fundamentals of RF channel characterization. Mathematical models for
path loss, multipath time dispersion and angular dispersion are presented. Key channel characteri-
zation parameters, including path loss exponent, rms delay spread and angular spread, are defined.
The frequency domain (time domain) filtering effects of the receiver bandwidth (signal pulse width),

and the spatial filtering effects of antenna beamwidth on the received signal are discussed in detail.
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The models and concepts presented in this chapter are essential for the material presented in

Chapters 4 through 7 of this work.



Chapter 3

Channel Measurement Techniques

and Measurement System Design

Channel measurements are perhaps the most direct method to study radio wave propagation,
achieve statistical models and verify propagation theory. Different measurement techniques have
been developed to study different aspects of the RF channel. These techniques are generally
classified as narrowband techniques and wideband techniques, depending on the bandwidth of
the probing signal and the delay spread of the channel. Wideband channel sounding techniques
resolve each multipath component and provide time dispersion information of the channel. There
are three types of commonly used wideband channel sounding systems: the direct RF pulse system,
the vector network analyzer (VNA) measurement system, and the spread spectrum sliding correlator

system (SCS).

This chapter presents a detailed analysis of various measurement techniques. The principle of
operation is explained with mathematical models, and implementation issues are discussed with
hardware design examples. One narrowband technique and three wideband techniques are dis-
cussed in Sections 3.1 through 3.4. A measurement campaign was performed to compare the
frequency-domain technique using a VNA and the time-domain technique using a SCS. The results
are presented in Section 3.5. An error analysis on the time measurements of a SCS due to the clock

frequency offset is presented in Appendix B. Finally, a 38 GHz channel sounding system used in

25
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this research is described in Section 3.6.

3.1 Narrowband Techniques

3.1.1 Principle of Operation

Narrowband techniques are used to measure path loss, narrowband fading and channel Doppler
spread. The main advantages of the narrowband measurement technique are its simplicity and

high sampling rate as compared to wideband measurement systems.

In narrowband techniques, a continuous wave (CW) signal with known power is transmitted. Re-
ceived signal power is measured over space or time. In mobile applications, small-scale signal fading
is studied by moving the transmitter or receiver in a small local area (a few square wavelengths) and
recording the received power continuously. Path loss is studied by measuring the average received
power over a large number of local areas, where the local areas span several decades of distance
from the transmitter [14, 54]. In fixed point-to-point/multipoint applications, the average received
power and signal variation is studied over short-term time intervals, where the channel variation is
stationary. For example, in Chapter 5, the short-term signal variation during rain is analyzed over

2-3 minute intervals of constant rain rates.

Narrowband techniques have certain advantages for channel Doppler measurements. Motion of the
transmitter, receiver, or objects in the channel cause received signal variation in the time domain
and Doppler frequency shift in the frequency domain. Channel variation is studied by sampling
the received signal power at a rate at least twice as high as the maximum Doppler frequency. A
narrowband measurement system samples the channel at a single frequency; therefore, its sampling
rate can be much higher than the sampling rate of a wideband measurement system. As shown
in Sections 3.3 and 3.4, the sampling rate of a wideband system is limited due to the long sweep
time over a wide bandwidth for a VNA system, or long repetition time between two consecutive

correlation peaks for a SCS system.

The disadvantage of the narrowband technique is that the received signal represents only the

envelope of the vector summation of the multipath components; no direct quantitative multipath
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information is available. When a high bandwidth signal is used, wideband measurement techniques

must be employed to estimate the channel time dispersion.

3.1.2 Implementations of Narrowband Measurement Systems

In this section, narrowband signal power measurements and hardware design issues are discussed
based on a measurement campaign performed at 5.8 GHz for path loss and building penetration

loss measurements [2, 3, 57, 58, 59].

The CW measurement system diagram is presented in Figure 10. The transmitter consists of a
synthesized sweeper, an amplifier, and a discone antenna. Since the measurements were made with
transmitter height of 5.5m, the setup required a 6m coaxial cable to connect the ground-based
signal generator with the mast-mounted antenna. These long coaxial cables have significant loss
at 5.85 GHz . Measurements show that losses in the 6m coaxial cables used in this experiment
campaign range from 7 to 9 dB . In order to achieve the maximum transmitted power, the amplifier
was placed on the top of the mast and connected to the antenna via a short cable with negligible
loss. This allows as much as 30 dBm of power to be sent directly into the transmitter antenna,

which is the maximum output power of the amplifier.

The received signal is passed through two stages of filtering and amplification separated by a step
attenuator. A five pole interdigital BPF and a Mini-circuit ZVE-8G amplifier are used in the first
stage. They are attached to the top of the mast to filter and preamplify the signal in order to reduce
the noise figure and overcome the loss in the long connection cable. The band pass filter was used
as a precaution to keep out-of-band signals from penetrating the amplifier. The attenuator has an
attenuation ranging from 0 dB to 70 dB in 10 dB steps. It is used between the amplifiers to assure
the appropriate signal power levels at the input and the output of the amplifiers. The two stages
of amplification are designed to reduce the influence of high detector noise figure induced by the

spectrum analyzer, which is 32 dB .

In order to record the signal strength over a period of time, the spectrum analyzer is set to zero
span mode and the voltages of the Y-axis, which are proportional to the signal power, are saved

through a GPIB board into a laptop computer for later analysis. Figure 11 shows five seconds of
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Narrowband Measurement System at 5.85 GHz.
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Figure 10: Block diagram of the CW measurement system at 5.85 GHz [3].
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CW power data taken as the receiver is moved around in a local area. The linear average of the
received power is used for the path loss calculation.

Average Power in a Local Area: - 48.5 dBm
-40

-50

Received Power (dBm)
X
o

0 1 2 3 4 5
Time (s)

Figure 11: Five seconds of CW power data taken in a local area [3].

3.2 Direct RF Pulse System

In direct RF pulse systems, a probing RF pulse with very short duration T, is transmitted pe-

riodically with a period of T,,. The operation of the direct pulse system is shown in Figure 12.

As shown in Section 2.2, the RF channel can be modeled as a linear system with a baseband impulse

response, hy(t) !. The received baseband signal, y(t), is related to the transmitted baseband signal,
x(t), by
o0
y(t) = hol®) +2(t) = [ halma(t —n)d (3.25)

where * denotes convolution of two functions.

!The bandpass impulse response, h(t), is related to the baseband impulse response, hy(t), as [31]
h(t) = 2Re{hs(t) exp (jwi)} (3.24)

where Re(x) denotes the real part of z, and w is the carrier frequency.



Chapter 3 Channel Measurement Techniques and Measurement System Design.

Direct Pulse System
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Figure 12: Principle of operation of a direct RF pulse system.
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Recall from (2.11) that hy is given as :

N-1
ho(1) = > aiexp (—ji)d (T — 73)
i=0

Substituting (2.11) into (3.25), we can express y(t) as:

N-—1
y(t) = Y aiexp (—jvi)z(r — ) (3.26)
i=0

If the pulse duration is much shorter than the multipath delay in the channel, then the received

signal power is given by

N-1 N-1
y®)* = > laille(r —m)|* = Y Pi|z(r —7) (3.27)
i=0 =0
where P; is the power of each multipath component.

In the recorded PDP, each pulse corresponds to a multipath component of the channel, with the
same relative delay and power proportional to the multipath power. Furthermore, in order for the
direct RF pulse system to correctly measure each multipath component, the following conditions

must be satisfied:

e In order to distinguish each multipath component, the pulse duration 7. must be less than the
minimum relative delay between any two multipath components. Recorded multipath pulses
will overlap if they arrive at relative delays less than T.. This pulse duration determines the

measurement system time resolution.

e The period T}, must exceed the maximum delay of any multipath. This period 7T}, determines
the maximum measurable range without ambiguity, or unambiguous range of the measurement

system.

e Since the transmitted pulse has a constant amplitude and duration, its effect can be calibrated
out. Then the recorded y(t) and |y(t)|? provide accurate estimates of the channel impulse

response and PDP, respectively.

The advantage of the direct pulse system is its simple realization and quick determination of the

PDP. The disadvantage is that, due to the short pulse duration (wide bandwidth), a wideband
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receiver is necessary. Since only wideband filters are used in the transmitter and receiver, this
system suffers from interference and noise, which limits its dynamic range. Also, the pulse system
triggers the oscilloscope on the first arriving signal. If the LOS signal is not higher than the
threshold, the system will trigger on the next multipath component that exceeds the threshold
and cause measurement error [14]. Therefore, VNA or SCS channel sounding methods are more

frequently used for wideband measurements.

3.3 VNA Measurement System

3.3.1 Principle of Operation

Because of the dual relationship between the time and frequency domain representations, the
multipath channel can also be fully described by the complex frequency response, H(f), which is
the Fourier transform of the bandpass channel impulse response h(t) [60]. The complex frequency
response can be measured by comparing the transmitted signal, X (w), and the received signal,

Y (w), in the frequency domain as

(3.28)

In a VNA channel sounding system, a synthesized frequency sweeper is used to sweep through a
chosen RF bandwidth of By, with a frequency step of Af. The channel complex frequency response
is achieve by comparing Y (w) and X (w) over bandwidth B,. Based on the Fourier analysis, the
finite sweeping bandwidth Bs,, in the passband corresponds to a pulse with a duration of 2/Bgy,
and the discrete frequency spacing Af corresponds to a repetitive signal with a period of 1/Af
in the time domain. Thus, the frequency domain measurements are equivalent to time domain
measurements using a periodic pulse train with T, = 2/Bs,, and T, = 1/Af. Figure 13 shows

graphically the dual nature of the frequency and time domain techniques.

Although the VNA measurement system is the frequency-domain dual of the direct RF pulse
system, it has several advantages. The VNA system measures the channel response at one tone at
a time; therefore, narrowband filters, which tune in step with the transmitted tones, can be used

to reject out-of-band interference and noise, and effectively increase the receiver dynamic range.
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Furthermore, the VNA provides the frequency domain and time domain channel responses with
both amplitude and phase. The disadvantage of the VNA is that it requires the channel be linear
time-invariant during the complete frequency sweep. VNA sweeps the channel at discrete frequency
tones to achieve frequency response over the bandwidth Bs,. This decomposition is valid only for
a time-invariant channel. Also, the necessity of phase measurements and synchronized sweeping
requires hardware connection between the transmitter and receiver, which limits the VNA to short-
range outdoor and, mainly, indoor operation. For long-range outdoor measurements, the SCS can

be used.

3.3.2 Implementation of VNA Measurement Systems

Figure 14 presents the diagram of a VNA channel sounding system. This system was used in the

measurement campaign for the performance comparison with the SCS [61].

Transmitter Receiver
Discone Discone
antenna f=585GHz antenna
v | G=30dB
P <30 dBm

— NF=4dB
S —

P =0dBm | YNA

100ft cable

Figure 14: Block-diagram of VNA channel sounding system.

As shown in Figure 14, a 100-foot Heliax coaxial cable was used to connect the transmitter and
the receiver for the phase measurements. A 30 dB gain amplifier was included at the receiver
to overcome the loss in the cable. Calibration standards are used to effectively bring the source

RF port of the VNA up to the transmitting antenna input connector and the receive RF port of
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the VNA to the receiving antenna output connector. Then the measured complex transmission
coefficient includes only the effects of the RF channel and the antenna gains. The antenna gain

can be then measured and calibrated out.

Parameters of the VNA must be chosen based on the measurement requirements. These parameters

are sweep bandwidth, step size, and sweep time.

e The sweep bandwidth, Bs,, is chosen based on the desired measurement time resolution At
by
By = 2/At (3.29)

For example, to measure the channel impulse response with a resolution of 10 ns , By, should

be approximately 200 MHz .

e Frequency step, Af, determines the unambiguous period of the measurement without aliasing
by
T, =1/Af (3.30)

For example, if the channel maximum delay is less than 1 ms, then the maximum frequency
step is 1 kHz in order to capture all the multipath components within the unambiguous
range. Also, the frequency step is related to the sweep bandwidth and the total number of
data points, N, by

Af = Bsw/N (3.31)

For a given By, a smaller step size results in a larger unambiguous range, but more data

points and more measurement time.

e The sweep time needs to be chosen such that the channel remains time-invariant during
the entire sweep. For example, the Anritsu 37369A VNA used for the measurements in
[61] takes approximately one second to step through 1200 frequencies, which requires the
channel be stationary for one second. The sweep time of the VNA is related to the sweeping
bandwidth, number of data points and the calibration methods. There is a basic tradeoff
among measurement resolution, ambiguous range and measurement speed. Better resolution

or longer unambiguous range results in longer sweep time.
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3.4 SCS Measurement System

3.4.1 Correlation Method

In a SCS channel sounding system, a correlation method is used for system identification. Spectrum
analysis shows that for stochastic processes, the Power Spectrum Density (PSD) of the output
signal, Sy, (w), is related to the PSD of the input signal, S;,(w), by the frequency response of the

linear system, H (w), as following
Syy(w) = [H (@)[* Sy (w) (3.32)

Furthermore, the relationship between the cross-power spectrum, Sy, (w), and Sy, (w) is given by
[62]
Say(w) = H*(w)Sga(w) (3.33)

where H*(w) is the complex conjugate of the system frequency response.

By definition, the PSD of a stochastic process, Sy, (w), is the Fourier transform of its autocorrelation
function, Rz, (t); and the cross-power spectrum of two signal, S,(w), is the Fourier transform
of their cross-correlation R, (t). Therefore, the inverse Fourier transform of (3.33) leads to the

following

Ry (T) = Raa(7) % h*(—7) (3.34)

If the input of the system is a white-noise process, w(t), with autocorrelation of

Ry = (1) (3.35)

then the output is
Ryw(7) = Ruy(—7) = () * h* (1) = h*(7) (3.36)
For real processes, h*(t) = h(t), and system impulse response can be estimated by the cross-

correlation of the input white noise signal with the output signal.
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3.4.2 Properties of PN Sequence

In a practical spread spectrum system, the white noise signal is approximated by a pseudo-noise
(PN) sequence. A PN sequence is a deterministic sequence of -1 and 1 with noise-like autocorre-
lation properties. One of the most widely used PN sequences is the maximum-length shift-register
sequence (or m-sequence for short), which can be produced using cascaded shift-register stages with
linear feedback loops [63]. When k stages of shift-registers are used, the m-sequence code length is

given by N = 2k — 1.

Let n(t) represents a periodic PN signal made of a m-sequence with a code length of N and chip
duration of T.. The period of n(t) is T, = NT.. The PN sequence n(t) and its autocorrelation is

presented in Figure 15.

m-Sequence PN Code
n(t)
T=NT,
|
1 ﬁ*
] | #
-1 L] [ ] L] t
>
T.
Autocorrelation of m-Sequence PN code
R, T=NT,
| «
— T ' T T >
T T
T,

Figure 15: M-sequence PN code and its autocorrelation.

The autocorrelation of the PN sequence is a periodic pulse train with a period of T, and pulse
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duration of 27,. In each period, the autocorrelation of n(t) is given by [64]

1—#7’ for 0<7<1T,

R (1) = —1/N for T.<7<T,-T, (3.37)

1+ 58 (r—T)  for T,—-T.<7<T,

3.4.3 Mathematical Models of SCS Channel Sounding

A baseband model for the SCS is demonstrated in Figure 16 [45, 64]. A known transmitter PN
sequence, n(t), is sent through the channel with a baseband channel impulse response of hy(t).
The received signal y(t) is multiplied with the receiver PN sequence and then integrated over a
period of T. The power of z(t) is recorded as the measured PDP of the channel. In a SCS, the
receiver PN sequence has a different clock rate from the transmitter clock rate. As a starting point,

we first study the case where both PN sequences have the same clock rates.

Correlation method with the same PN clock rates

The received signal y(t) is given by the convolution of hj and n;:
o
y(t) = ko) xme(®) = [ ha(©ymi(t = ) dg (3.33)

At the receiver, correlation of y(t) and the receiver PN sequence n,(t — 7) is performed by multipli-
cation (a mixer) and integration (a narrowband filter). This correlation is calculated for any delay
values, 7, between the received signal y(t) and the receiver PN sequence. The resulting signal z(t)

is given by

2(r) = =

]

T
/ y(t)ne(t — 7) dt (3.39)
0

Substituting (3.38) into (3.39), we can express the received signal z(7) as

[o.0]

T
A7) = %!{/MMMW—OM}mﬁ—ﬂﬁ (3.40)

—00
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Figure 16: Mathematical models of SCS channel sounding.



Chapter 3 Channel Measurement Techniques and Measurement System Design. 40

[e'e] T
— / B (€) {%/nt(t—g)nr(t—ﬂdt} d¢ (3.41)
—00 0
_ / h(C) Ry (T — €) dC (3.42)
= hp(7) * Rer(T) (3.43)

where Ry, represents the correlation 2 of the transmitter and receiver PN sequences, given by

T

Rin(r — ) = %/nt(t Ot — 7)dt (3.44)

0
When the transmitter and receiver PN sequences are identical and have the same clock speed, this

correlation is the autocorrelation of a PN sequence given by (3.37).

Applying the channel impulse response model from (2.11) to (3.43), we will have the output signal

as follows

(1) = hb(T) * Ryr(T) (3.45)
= Z a; exp (—jvi)8(r — 1) * Ry (7) (3.46)
= Z a; exp (i) Rir (7 = 73) (3.47)

The power of the output signal is given by

N—

2(r)* = Zlazl R(r—) (3.48)
i=0
N-1

2()* = P.RE. (1 — 7i) (3.49)
i=0

Figure 16 and (3.49) clearly show the similarity between the direct RF pulse channel sounding
technique and the SCS technique. The output signal of a SCS is a periodic pulse train with the
period of T}, and pulse width of 27.. Each pulse records the delay and power of a multipath
component of the channel. Similar to the direct pulse system, the following conditions must be

satisfied for the SCS operation:

?In general, correlation of two functions x(t) and y(t) is given by Ray(t1,t2) = # f *(t2) dt, where y*(t) is
the complex conjugate of y(t). Since ny and n, are both real functions, their complex conjugates are the same as the
functions.
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e The chip duration T, determines the measurement system time resolution. It must be less

than the relative delay between two multipath components in order to distinguish them.

e The period T}, must exceed the maximum delay of any multipath. This period T}, determines
unambiguous range of the SCS. For example, the measurement system used in this research
uses PN code generated from 11 stage shift-registers. The maximum code length is 2! — 1 =
2047. With a chip duration of 10 ns , this results in a period of T}, = 20.47us and an

unambiguous range of 6.14 km. This is much larger than typical multipath pathlength.

e In practical systems, the PN sequence does not have a unit amplitude. Consequently, the

recorded signal, |z(7)|?, is weighted by the power of the correlation peak. This value can be
estimated in the back-to-back calibration, where the transmitter and receiver are connected
through a coaxial cable with known loss and delay. By comparing the transmitted and
recorded signal power, the pulse amplitude, as well as other system losses can be calibrated

out.

Sliding Correlation

The above discussion is based on the assumption that the receiver PN sequence can be shifted by
any delay of 7 relative to the transmitter PN sequence. This is possible when the correlation is
performed by digital signal processing (DSP). Alternatively, in a sliding correlator system, the shift
of ny relative to n, is accomplished by using slightly different clock rates for these two PN sequences
[45]. The transmitter has a PN clock rate of f; and the receiver has a slower clock rate of f,. This
slight difference in the chip rates fs = f; — f,, i.e. the frequency offset, results in the “sliding” of
one sequence with respect to the other. For the sliding correlation, the receiver PN sequence can

be represented as [64]

no () = np (2 T2y (3.50)
T
The output signal of the SCS zs.s(7) is given by
1 T ft - fs
ses (£ :—/ t)n, t) dt 3.51
welt) = 7 [ v =Ly (3.51)

_ %/()T{hb(t)*nt(t)} nr(ft;tfst)dt (3.52)
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e fi—fs,
_ ?/0 {[e hb(g)nt(t—g)dg} ne(F) db (3.53)
-/ m(c){% /OTnt<t—<>nT<%t>dt} & (3.51)

[o.0]

/ () R —t ¢)d¢ (3.55)

&Q

= /{Zazexp —Ji)o(T — )}Rtr(%t ¢)d¢ (3.56)

—0o0

= Z a; exp —J¥i RW(;:

Note that the transition from (3.54) to (3.55) is approximate. The frequency offset must be small

t—7) (3.57)

enough in order not to destroy the cross-correlation properties of n;(t) and n,(t) [45, 65]. The ratio
between the f; and fs is defined as the slip rate, v = fi/fs. The higher the slip rate, the lower the

frequency offset. Typical values of sliding factor range from 1000 to 10,000 [45].

The recorded PDP from the SCS has the following form

N-—-1
P = 3 Pinr(%t — ) (3.58)
=0

Note that (3.58) is very similar to (3.27) for direct pulse measurements, and to (3.49) for correlation
measurements with identical clock rates. The only difference is the time dependence. The SCS
scales time by the slip rate . If the absolute propagation time of a multipath component is 7, then

a correlation peak will occur at the observation time ¢, where

Jsy 10 (3.59)

fi
t=r1vy (3.60)

As shown in Figure 16, for SCS, the observation time is scaled by v according to (3.60).

3.4.4 Implementation of SCS

Figure 17 presents block diagrams of the transmitter and receiver of a SCS channel sounding system
[61, 66, 67]. This system was used in the wideband channel measurement campaign at 5.85 GHz

[61].
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Figure 17: Block diagram of the SCS hardware configured at 5.85 GHz with a clock rate of 100 MHz
and a slip rate of 10,000.
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The PN sequence is up-converted by the mixer to the desired carrier frequency of 5.85 GHz . A
34 dB gain power amplifier is used to overcome the path loss in the channel. Rubidium clocks are
used in the transmitter and receiver to provide precise frequency standards for PN generators and

the frequency synthesizers.

At the receiver, two stages of filtering and amplifications are performed in order to reject out-of-
band spurious signals and to achieve high dynamic range. An attenuator serves as a gain control
to manually adjust the received signal power level. The correlation between the received signal and
the receiver PN sequence is performed by a mixer followed by a narrowband RF filter. A spectrum
analyzer set in the zero-span mode serves as both a down-converter and an envelope detector.
The oscilloscope displays the video output of the spectrum analyzer, which is proportional to the
received signal power in dB. The purpose of using an oscilloscope is to provide triggering and
different time and power scales to view the recorded channel response. The displayed data are
saved into a laptop computer through a GPIB board for further processing. Careful calibration
procedures are performed to establish the exact relationship between the recorded voltage and time

with the actual multipath power and delay.

3.4.5 Analysis of the Time Measurement Accuracy

One major advantage of the SCS over VNA is that the SCS can operate without a hardwire
connection between the transmitter and receiver. However, this separation requires transmitter
and receiver PN generators to be referenced to different frequency oscillators. The accuracy of
the rubidium oscillators directly determines the time measurement accuracy of the SCS. Before
each measurement campaign, the rubidium oscillators must be adjusted to be as close in frequency
as possible. Even so, when they are separated, the frequencies will inevitably drift slowly apart.
This frequency offset results in a continuous time axis shift in the measured multipath, as shown in
Figure 18. By calibrating the SCS system before and after a set of channel sounding measurements,
this drift can be accounted for and removed from the results. A detailed analysis of the effect of

the oscillator frequency offset can be found in the Appendix B.
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Figure 18: Shift of the recorded PDP due to the frequency offset.

3.5 Measurements Comparing VNA and SCS

To date, wideband channel measurement campaigns that have been reported use time domain
measurement techniques [10, 41, 45, 46, 68, 69, 70, 71, 72, 73] or frequency domain techniques
[11, 12, 18, 43]. Fourier transform theory guarantees that these two techniques should produce
identical results, but there has been little literature on research to carefully compare these two
measurement techniques. This section presents a direct comparison of frequency domain channel

sounding using VNA and time domain channel sounding using SCS at 5.85 GHz.

A measurement campaign was designed to compare the performance of the two systems in identical
environments. The measurements were performed at HRL Laboratories at Malibu, CA in August
1997. The system hardware is presented in Figure 19. Two synchronized electronic switches allowed
the antennas to be time shared between the VNA and the SCS so that comparative measurements

could be made rapidly for minimum channel variations.

Two indoor sites and one outdoor site were used to measure delay spread and path loss of the

multipath channels. Comparison of results demonstrated the duality between both measurement
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Figure 19: The combined system for SCS and VNA comparison.

techniques. The ultimate choice of measurement technique will depend on the measurement re-

quirements and the propagation environments.

3.5.1 System Settings

The measurement parameters for both systems were chosen to be as close as possible. The param-

eters used in the measurement campaign for both methods are listed in Table 1.

As shown in Table 1, both systems have a center frequency of 5.85 GHz . The sweep bandwidth of
the VNA is chosen 230 MHz , which is the same as the bandwidth of bandpass filters in the SCS.
This results in 10 ns and 8.7 ns time resolution of these systems. An average of eight wave forms are
taken to reduce the noise and possible channel transient caused by the moving objects. In Table 1,
the 35 dB is the display dynamic range of the SCS, which is determined by the correlation noise
of the PN sequences. The detectable signal dynamic range is close to 65 dB due to the adjustable
gain control by the step attenuator in the receiver. Note that the VNA has a slower measurement
speed than the SCS due to the frequency sweep. The number of data points of VNA is chosen to
be half of the number of SCS to increase the measurement speed of VNA. The display ranges of the
SCS and VNA are determined by the time scale of the oscilloscope and VNA, respectively. A 600
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Table 1: System Settings of the SCS and VNAS.

SCS VNA
center frequency 5.85 GHz | 5.85 GHz
passband bandwidth | 200 MHz | 230 MHz
resolution 10 ns 8.7 ns
averaging 8 times 8 times
dynamic range 35 dB 80 dB
measurement speed | 1.6 s/PDP | 4 s/PDP
number of samples 1024 401
display range 600 m 552 m

m distance corresponds to a 2000 ns of delay. For short-distance outdoor and indoor environments,
this is much larger than the maximum excess delays typically measured, which are from 10 to

several hundred ns [14].

3.5.2 Measurement Results

Three typical sites at HRL Laboratories were chosen for the outdoor and indoor measurements.
The outdoor site was a lawn of approximately 35 x 35 m, the two indoor sites included an 8 x 10
m conference room, and a 3 x 50 m hallway. Care was taken to ensure that there were no people
walking around during the measurement to achieve a static channel. Detailed site information is

presented in Appendix A.

The data profiles were compared on a location-by-location basis in terms of amplitudes and arrival
times of individual multipath components by overlaying the averaged PDPs from the VNA and the
SCS at each receiver location. Examples of the combined PDPs are presented in Figure 20 for the
lawn, Figure 21 for conference room, and Figure 22 for the hallway. As shown in the plot legend,
the calculated results include the number of multipath peaks, V,,;,, mean excess delay, 7, and RMS
delay spread, o, for each PDP. Also listed are the power in the first received pulse, P4, and the

maximum excess delay, AT, for a threshold value of 15 dB .
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Figure 22: Site-by-site comparison for location B2 in the hallway.

Detailed measurement results are presented in Appendix A. In general, the results from the two
measurement methods track very well. For the outdoor measurements, two systems produced
nearly identical results in Figure 20. For the indoor measurements, VNA produced a slightly higher
number of multipath components. Some of the differences, especially at the lower signal levels can
be attributed to the windowing done by the VNA during the calculation of the Inverse Discrete
Fourier Transform (IDFT). The frequency window had a nearly ideal bandpass response so that the
calculated impulse in the time domain showed sidelobes. This can be seen, for instance, in Figure 20,
where the VNA results show pre-first-pulse sidelobes. Using a filter with a slower frequency roll-off
would reduce the sidelobe levels, but would also increase the width of the multipath pulses and

reduce the resolution.

3.5.3 Summary of the Comparison Measurements

The similarity of the PDPs from the two systems and the close values of the measured channel
parameters verify the dual relationship of the frequency and time domain measurement techniques.

Since either method gives the same RF channel characterization, the choice of system will depend



Chapter 3 Channel Measurement Techniques and Measurement System Design. 50

upon the particular environment to be measured.

The VNA has more flexibility in the choice of the center frequency, sweep bandwidth (measurement
resolution) than the SCS. Also, it provides both amplitude and phase information of the channel
response. However, the phase measurement requires a cable connection between the transmitter
and the receiver, so the VNA is preferred for indoor and short distance outdoor channel sounding.
In addition, due to the relatively longer sweep time, the VNA system is constrained to channels

that are relatively more stationary than those that can be measured with the SCS system.

The SCS provides the amplitudes and arrival times of the multipath components. Since the mea-
surements are performed in the time domain, phase information is not required for the PDP mea-
surements. The transmitter and receiver do not need to be connected by a cable. However, care
must be taken to ensure the time measurement accuracy. Appendix B presents a detailed analysis
of the effects of the clock frequency offsets on the measurement accuracy. Results show that not
only high precision frequency standards, such as rubidium oscillators, must be used to provide
clock reference, but also a calibration procedure is required to account for the time-shift due to
the frequency offset of the clocks. With these precautions, the SCS can operate in an untethered
mode, which is preferable for long-distance or mobile operations. Finally, SCS typically operates
at a higher speed than VNA; therefore, it has a weaker requirement for the channel stationarity.
Section 3.6 will show how to chose system settings in SCS to achieve high measurement speed,

which is required for the millimeter-wave channel sounding.

3.6 SCS at 38 GHz and 60 GHz

3.6.1 System Hardware

For millimeter-wave propagation study, HRL laboratories and MPRG researchers upgraded the
5.85 GHz SCS presented in Figure 17, to operate at 38 GHz and 60 GHz . This section presents
the 38 GHz SCS hardware. The block-diagram of the system is presented in Figure 23.

The basic operation of the SCS is the same as the 5.85 GHz system. The intermediate frequency
(IF) is chosen to be 5.4 GHz in order to have a radio frequency (RF) as close to 38 GHz as
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possible. This IF frequency is multiplied by six times to provide a local oscillator (LO) frequency
for the mixer. The resulting RF signal is 37.8 GHz . This signal is filtered and amplified before
it is sent to the transmitter antenna. The IF signal is filtered by a 200 MHz bandpass filter to
attenuate out-of-band noise prior to the upconversion to 37.8 GHz . The maximum allowable input
power into the upconversion unit is -29 dB m. The overall gain of the conversion unit is 50 dB
. Hence the maximum transmitted power is 21 dBm , which was the transmitted signal power in
the measurement campaign presented in Chapter 5. An electronic switch allows the IF to switch

between 5.85 GHz and 5.4 GHz .

In the receiver, the downconversion unit is used to downconvert the RF signal from 37.8 GHz to
5.4 GHz . A filter is built into the unit to reject image signals and out-of-band noise. The IF signal
is then amplified and mixed with the receiver PN sequence. The correlation and data recording

system is identical to the 5.85 GHz SCS described in Section 3.4.4.

3.6.2 Choice of Parameters

The millimeter-wave channel is extremely time-varying due to the short wave length and atmo-
spheric effects. In order to measure outdoor millimeter-wave channels and study weather effects,
the measurement system speed is critical. Parameters of the sliding correlator system are chosen

in order to optimize both the system performance and the measurement speed.

Tradeoffs among the frequency offset, measurement speed and dynamic range

The minimum time between two successive measurements is determined by the time interval be-
tween two consecutive correlations of the transmitter and receiver PN sequences. This time differ-

ence is given by

fe N
ft_fTift_fT

T, = NT.y = NT. (3.61)

where f; is the transmitter PN chip rate, f, is the receiver PN chip rate, and NN is the PN sequence
length. In the MPRG SCS, PN code length N = 2047. f; is chosen maximum available value of
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100 MHz to provide best time resolution. From (3.61), the choice of f., or frequency offset f; — f

determines Tj,.

The f, and f; must be close enough to preserve proper correlation properties of the PN sequences
and maintain the system dynamic range. With larger frequency offset, fewer PN chips will be
aligned at the peak correlation time, and the correlation peak reduces and the correlation noise
increases. When f, is 99.99 MHz , the measurement speed is 0.2 s per PDP, the system dynamic
range is measured to be 35 dB . When f, is 99.9 MHz , the measurement speed is 0.02 s per PDP,

and the system dynamic range reduces to 25 dB .

As will be shown in Chapter 5, weather events can change dramatically within a minute. In order
to characterize the effect of weather on the millimeter-wave propagation, the frequency offset of
the SCS was chosen at 100 KHz to achieve a fast measurement speed while maintaining reasonable

dynamic range.

Oscilloscope configuration for fast acquisition

The measurement speed is also dependent on the acquisition and recording speeds of the oscillo-
scope. The Tektronix TDS784C oscilloscope is set to a fast frame mode, which records the input
signal continuously for a chosen number of PDPs. A signal flow plot with required time at each

stage is summarized in Figure 24.

For the measurement campaign presented in Chapter 5, we chose a record of 10 successive PDPs
for each fast frame file. Each PDP records the channel impulse response over 0.02 s. Therefore, it

takes the oscilloscope 0.02 x 10 = 0.2 s to accomplish each fast frame acquisition.

Each fast frame record is transferred through a GPIB interface to the laptop computer and saved on
the hard disk. The transfer time and the scope reset time is approximately 0.55 s for each fast frame

file. Therefore, the time required for one fast frame acquisition into the PC is 0.2 4+ 0.55 = 0.75 s.

In order to capture the channel dynamics, 20 fast frame files were taken for each data acquisition.
Thus, the time required to take one data acquisition is 0.75 %20 = 15 s. Finally, it takes 32 s for the
PC to save one data acquisition (20 fast frame files) to the hard drive. Considering the scope reset,

file transfer and saving time, the measurement system is capable of capturing 200 PDPs every 47
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Figure 24: Characterization of the system speed.

seconds.

3.6.3 Antennas

Antennas are selected to represent antenna systems proposed for emerging millimeter-wave point-to-
multipoint links. As shown in Figure 25, the transmitting (hub) antenna is a horn with a maximum
gain of 19 dB and half power beamwidths of 45% and 6.5° in azimuth and elevation, respectively.
The receiver (subscriber) antenna is a parabolic reflector with a maximum gain of 39 dB and half

power beamwidths of 1.5° in both azimuth and elevation. Both antennas are vertically polarized.

3.6.4 Free Space Calibration

Free space calibration is performed to verify the hardware system performance. The free space

path loss is calculated theoretically and compared with the measurement results.

The transmitter and receiver are separated by a distance larger than the Fraunhofer distance so
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Figure 26: The receiver dish antenna.
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that they are both in the far fields. Also, the Fresnel zone radius is calculated to ensure both LOS
and first Fresnel zone clearance. The T-R separation is chosen to be 30.5 m (100 ft) and 45.7 m

(150 ft) for the calibration. The Fresnel radii for these two distances are both less than 1 m.

Antenna heights are chosen so that no significant ground reflected wave will be received. Figure 27
shows the antenna separation and the antenna 3 dB beamwidths patterns. Most of the transmitted
energy will be concentrated in the region enclosed by the 3 dB pattern of the antennas. Basic
geometric calculation shows that with these antenna patterns, the points where the 3 dB power
beams intersect are 0.32 m from the LOS direct path. For the calibration, the antenna heights were

chosen to be 1.5 m, which is much higher than 0.32 m.

Sector horn Parabolic

antenna antenna
032m

3.25 degree 0.75 degree.
3dBbeamwidth 3dB beamwidth

100 £=30.5 m

Figure 27: Geometry of the free space calibration.

The scenario for the free space calibration at a 100-foot separation is shown in Figure 28.

The free space path loss based on the Friis equation (2.1) is 93.7 dB and 97.2 dB for 100 ft and
150 ft separation distances, respectively. The measured values are 94.7 dB and 98.5 dB. The
differences between the theoretical and measured values are less than 1.3 dB , which verifies the

proper operation of the system.
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Figure 28: Scenario for the free space calibration.

3.7 Summary

This chapter discusses different measurement techniques. Theoretical backgrounds of narrowband
techniques and three different wideband techniques are presented. Implementation issues of each
techniques are analyzed with the hardware design examples and measurement results. SCS and
VNA measurement systems are analyzed in detail, and their performances are compared exper-
imentally for identical propagation environments at 5.85 GHz . Finally, a millimeter-wave SCS
measurement system is described. This system is instrumental for the 38 GHz measurement cam-
paign presented in Chapter 5 and the 60 GHz measurement campaign presented in Chapter 7. The
hardware implementations and measurement examples present practical values for any measure-

ment system design and channel measurements .



Chapter 4

Terrestrial Millimeter-Wave

Propagation

The radio frequency (RF) channel is relatively well understood for narrow band systems at cellular
and PCS bands [14, 29, 30]. However, much less research is available for millimeter-wave propa-
gation. Wireless communication systems at millimeter-wave frequencies are not common, and will
feature high carrier frequency and high data rates. The dominant propagation mechanisms are
quite different from those at UHF or microwave frequencies. In order to provide the same system
performance as fiber or cable systems, quantitative knowledge of the millimeter-wave channel is

crucial.

The following sections present a detailed discussion and literature search on the fundamental prop-
agation mechanisms in millimeter-wave channels. Some research results at microwave frequencies
are also included for comparison purposes. Due to the significant difference in propagation en-
vironments and system requirements, outdoor and indoor channel characterizations are treated

separately.

The first part focuses on considerations for outdoor propagation channels including LOS clear-
ance, diffraction, refraction, reflection, and scattering due to vegetation and rain. The second
part presents indoor propagation considerations including path loss exponent, penetration loss,

signal PDFs, multipath propagation, effects of antennas, and human induced variations. Some of
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the results such as penetration loss and reflection measurements provide insights into the inter-
play between outdoor and indoor channel characterizations. For different environments, the main
propagation considerations are pointed out, and important measurement results and models are

highlighted.

The main purpose of this chapter is to clearly identify the present state of millimeter-wave propa-

gation research, which will help define the need for new research directions.

4.1 General Considerations

Due to the high penetration loss through buildings, vegetation, and other obstacles, millimeter-
wave systems are deployed mainly under LOS conditions in outdoor environments. One major
application for outdoor millimeter-wave systems is fixed point-to-point/multipoint communications.
Historically, fixed microwave LOS radio links have been used to provide broadband communications
at frequency bands ranging from 2 GHz to 18 GHz [24]. This section first briefly summarizes the
main considerations for point-to-point propagation at microwave frequencies, and then emphasizes

the specifics of millimeter-wave LOS links.

4.1.1 Microwave LOS Links

Typical microwave links use antennas with beamwidths of about 1 degree, have path lengths on
the order of tens of kilometers, and have antenna tower heights of 50 to 100 meters [24]. A number
of researchers have investigated microwave LOS links, and design rules have been established [4,

25, 74, 75).

The following items summarize the main propagation effects that need to be considered in the

design of microwave radio links [76]:

e Effects of nearby objects

— LOS and Fresnel zone clearances (see Section 4.2)

— Diffraction due to obstruction of the path by terrain obstacles
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— Fading due to multipath from surface reflection

— Attenuation and scattering due to vegetation
e Effects of atmosphere
— Fading, beam spreading and variation of angle of arrival (AOA) due to changes in the
refraction index (see Section 4.3)

— Attenuation due to atmospheric gases

— Attenuation and depolarization due to precipitation or hydrometeors in the atmosphere

4.1.2 Specifics for Millimeter-Wave LOS Links

Although results presented in Section 4.1.1 are obtained for microwave LOS links, they can be
extended to millimeter-wave links. The following items summarize the differences of the microwave

and millimeter-wave propagation channels.

e Millimeter-waves suffer higher attenuation and diffraction loss due to wall, or other terrain

obstacles (see Sections 4.2 and 4.10.1).

e Millimeter-wave links are typically less than a few kilometers in length. Therefore, the effects
of refractive index changes are not as significant as in microwave links, which have typical

lengths of tens of kilometers [25] (see Section 4.3).

e At millimeter-wave frequencies, the wavelength is much smaller than, or comparable to typical

building surface variations. Rough surface scattering needs to be considered (see Section 4.4).

e Toliage exhibits higher attenuation at millimeter-wave than at microwave frequencies [77] (see

Section 4.6).
e Rain attenuation increases with frequency [78] (see Section 4.7).

e Millimeter-wave links can be employed in both rural and urban environments; therefore,
they are subject to multipath due to the dense concentration of surrounding objects (see

Section 4.8).
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These propagation effects may result in serious system performance degradation including:

Reduced system coverage (see Sections 2.1.2 and 4.8)

Signal distortion due to frequency selective fading (multipath)

Reduction in cross-polarization discrimination (XPD)! in multipath or precipitation condi-

tions

Increased time variation in the channel

4.2 Diffraction: Fresnel Zone Clearance

For point-to-point /multipoint links, not only LLOS path clearance is required, but also Fresnel zone
clearance is highly desirable in order to avoid diffraction loss. This section briefly reviews diffraction
mechanisms with the example of knife-edge diffraction. The increase of diffraction loss with the

increase of frequency is demonstrated, and the Fresnel zone clearance criterion is described.

Figure 29 shows a scenario of an obstructed transmitter-receiver path. Diffraction describes the
phenomenon that radio waves propagate around obstacles into the shadowed region. In realistic
system deployment, the obstructions can be buildings, hills and other terrain obstacles. As a

starting point, the limiting case of propagation over a knife-edge is studied.

Diffraction can be explained by Huygen’s principle. Huygen’s principle states that each point on
a wave front can be considered as the source of a secondary wavelet, and these wavelets combine
to produce a new wavefront in the direction of propagation [79]. Diffraction is caused by the
propagation of the secondary wavelets into the shadowed region. Consider the example in Figure 29,
the field strength at any point in the shadowed region will be the vector sum of the fields generated

by all the secondary Huygen’s sources in the plane above the knife-edge. The electric field intensity,

IXPD is defined as the ratio of the co-polarized received power Py to the cross-polarized received power P,
expressed in dB.

_ Eil
XPD = 10log,, iz (4.62)
L
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Figure 29: Knife-edge diffraction

Eg, of a knife-edge diffracted wave is given by [79]

g—z = ) =12 /Uooexp[(—jwt2)/2]dt (4.63)
_ 2(dy + da)
— (4.64)

where Ej is the free space field strength in the absence of the knife edge, F(v) is the complex

Fresnel integral, and v is the Fresnel-Kirchoff diffraction parameter.

The diffraction gain due to the knife-edge as compared to the free space propagation is given by
G4(dB) = 201logq | F (v)| (4.65)

The Fresnel integral can be evaluated using tables or graphs, and dependence of G4 on v is shown

in Figure 30.

As shown in Figure 30, the diffraction loss increases with the increase of v. The dependence of v

on the wavelength (frequency) and link geometry is given by (4.64).
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Figure 30: Knife-edge diffraction gain as a function of Fresnel diffraction parameter v.

4.2.1 Diffraction Loss vs. Frequency

As shown in (4.64), v increases with the decrease of A or increase of frequency. Figure 31 shows an
example of the dependence of diffraction gain on frequencies. In the example, di and dy are chosen
at 500m, and h is chosen as 1 m. Results show that a 1m obstruction causes 7 dB diffraction loss

at 1 GHz , but 15.5 dB loss at 60 GHz .

4.2.2 Fresnel Zone Clearance

The dependence of diffraction loss on the link geometry is well explained by Fresnel zones. Consider
the geometry shown in Figure 32, the LOS path length is d; + ds2, and a secondary wave has a path
length of d3 4+ d4. Fresnel zones are defined as regions where the secondary waves have path lengths

that are nA/2 greater than the LOS path length. Therefore, for the nth Fresnel zone boundary

ds +dy = n)\/2 +di + do (4.66)
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Knife-Edge Diffraction Gain vs Frequency: d1=d2:500 m, h=1m
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Figure 31: Knife-edge diffraction gain as a function of frequency: di = da=500m, h=1m.

The points defined by (4.66) form an ellipsoid with the transmitter and receiver as focal points.

The radius of the nth Fresnel zone on the vertical plane A is given as follows.

a2+ 12 =d3 (4.67)

d3+r2 =dj (4.68)

Under the assumption dy,ds > r,, we have

nAdids
S S T 4.69
" d1 +do ( )

In Figure 32, the concentric circles correspond to the Fresnel zone radii. Diffraction loss is caused by
blockage of the Fresnel zones. As shown in Figure 30, the diffraction loss can be avoided if v < —0.8,
which corresponds to 56% of the first Fresnel zone clearance. In point-to-point communications
system design, in addition to LOS path clearance, 56% of the first Fresnel zone clearance is required

to reduce the diffraction loss [17].
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Fresnel Zone Boundaries

Figure 32: Fresnel zone boundaries.

4.3 Refraction: Effects of Refractive Index Change

Variations in the climatic conditions such as temperature, pressure and humidity cause changes in
the refractive index of the air. The refractive index of air at sea level differs from unity by about
300 * 1075, and decreases approximately exponentially with height [17, 75]. It is convenient to

express refractivity in N units, where
N =(n—1)%10° (4.70)
and n is the refractive index of the atmosphere
n~ (1 + 300 x 1079) (4.71)

Refractive index is related to atmospheric conditions as follows [17]

_ 77.6 p 4810e

NT[+T]

(4.72)

where P is total pressure in mb, e is water-vapor pressure in mb, and T is absolute temperature.
With the increase of height, P, e, T and N decrease exponentially. Over the first kilometer of height

above the ground, the refractive index N falls by 39 N-units in a standard atmosphere.
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It has been shown in [81], that a constant gradient of the refractive index will result in a wave
propagation path in the shape of an arc with a radius of R, where R is given by

1 dn _gdN
where h is the height above the ground, and /(+) denotes the gradient operation. For example, for

the standard atmosphere, the radius of the propagation path is Ry = 25,640 km.

The effects of the refractive index change on the LOS propagation path are demonstrated in Fig-
ure 33, where R, is the radius of earth. Depending on the sign of the gradient of the refractive

index, the propagation path may bend towards or away from the earth.

Effects of the Refractiv Index
Change on the Propagation Path.

R=dh/dn>0

R=-dh/dn>0

R=6370 km

Figure 33: Wave bending caused by the refraction index change.

4.3.1 Multipath due to Refractive Index Change

Typical microwave links have antenna tower heights of 50 to 100 meters. Under normal conditions,

these microwave links operate essentially error free, that is with BER less than 1010 [24]. When
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the index of refraction of the atmosphere changes, eletromagnetic waves may arrive at receiver
antenna along slightly different paths. In [4], transmission over LOS microwave radio is analyzed
with the aid of a piece-wise linear approximation of the atmospheric indes of refraction. The model
predicts that one, two or three discrete multipath components can be refracted to the receiver
depending on the height of the refractive layer. Consequently, the signal suffers frequency selective

fading [4, 24, 74].

The mechanism of the multipath propagation caused by the refraction index change in the atmo-
sphere is depicted in Figure 34. In a standard atmosphere, the decrease of n with the height is very
slow, resulting in a slight bending of the LOS ray towards the earth with a downward curvature,
Rg. Under certain weather conditions, the meteorological effects can produce a refractive layer with
negative gradients in the refractive index of the atmosphere [4]. As a results, several ray paths may
exist between the transmitter and the receiver. The changes of the refractive index are small, so

that only waves with small launching angles can be refracted to the receiver [4].

Multipath Due to a Refracting Layer

_ Height
Refracting Layer ‘
Txg | " 2 RX
‘ ht hr
Index of refraction R Distance along earth

R,

Figure 34: Multipath propagation caused by the refraction index change [4].

In [4], Ruthroff showed that, based on (4.73), if a maximum gradient of refractive index is given
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for a particular climate region, then a path length Lg exists, such that for any distance less than

Ly, there will be no deep fading. L can be estimated from

(1 - R/2Ry)’

3 _ 2
b= M TR Ry

(4.74)

Table 4.3.1 presents the path length Lo estimated based on the measurement results from [74] for
New Jersey region. Results show that for path length less than 3.8 km , refractive index change
would not cause fading in the LOS links. As shown in Table 4.3.1, for typical short millimeter-wave

links, the effects of refractive index changes are negligible.

Table 2: Maximum Path Length to Avoid Refracted Multipath [4] (for New Jersey climate region)

Frequency (GHz) | Wavelength (cm) | Lo (km)
4 7.5 9.37
6 5.0 8.2
10 3.0 6.93
20 1.5 5.5
30 1.0 4.8
60 0.5 3.8

4.4 Reflection: Effects of Rough Surface

4.4.1 Reflection: Snell’s Law

When an EM wave impinges on a surface with finite conductivity, part of the energy is reflected
back and part of the energy is transmitted into the surface. When the reflecting surface is smooth,
the reflected wave and transmitted wave are related to the incident wave by reflection coefficient

and transmission coefficient given by Snell’s law [82].

0, = 0 (4.75)

E, = T'E; (4.76)

= By _ m2.008 0; — m cos b; (4.77)
E;  macosb, + nicosb;
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r, o= & _ 19 cos 0; — 1y cos Oy (4.78)
E;  macos; +nycosby

where 6; is the angle of incidence, 6, is the angle of reflection, E; is the incident field intensity,
E, is the reflected field intensity, I' is reflection coefficient, which equals I'j or I'; for parallel or
perpendicular polarization, respectively, n; is the intrinsic impedance of the ith medium (i=1,2),
and is given by \/u;/e;. Geometry of specular reflection over a smooth surface is presented in

Figure 35.

Figure 35: Geometry of the specular reflection over a smooth surface

Based on Snell’s law, the angle of reflection equals the angle of incidence. This reflection is referred
to as specular reflection. When the surface is rough, the incident wave is scattered into not only
the specular direction, but also other directions. Figure 36 qualitatively shows the effect of surface
roughness on the reflected wave. With increase of the surface roughness, the specular reflected field

decreases and the incoherent scattered field increases.

4.4.2 Rayleigh Criterion

The most common criterion to describe surface roughness is the Rayleigh criterion. The basic

principle of the Rayleigh criterion is presented in Figure 37.
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Figure 36: Rough surface scattering: with the increase of surface roughness, specular reflected field
decreases and diffuse scattered field increases [5]

When two rays incident on a rough surface with an average height of irregularity, h, the path

difference between the two reflected waves, Ar, is [6]
Ar = 2hcos() (4.79)

where

0=0; =0, (4.80)
as shown in Figure 37.

This is easily seen by comparing ray 1 with the auxiliary ray 2’, which is identical to ray 2 but

shifted to the location of ray 1. The carrier phase difference of these two reflected waves is
== -— 4. ]
A 3 Ar 3 cos(0) (4.81)

Let us consider two extreme cases. First case is when the surface is smooth, h is zero, and the
phase difference A¢ is zero. All the rays add up coherently, producing a strong reflected wave
in the specular direction. Another extreme case is when A¢ = m, the two reflected waves are

out of phase and cancel each other. There is no reflected wave in the specular direction, and all
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Rayleigh Criterion Derivation

Ray 1 Ray 2’ Ray 2

Figure 37: Derivation of Rayleigh criterion [6]

the incident energy is scattered into other directions. The Rayleigh criterion chooses the phase
difference midway between these two extreme cases, i.e. A¢ = /2. When A¢p > /2, the surface
needs to be treated as a rough surface. Most often, the Rayleigh criterion is expressed in terms of

h. A surface is thus considered as a rough surface if

S A
8 cos(0)

(4.82)

Although the Rayleigh criterion is based on a simplified surface scattering scenario, it predicts the
basic trends of rough surface scattering. Qualitatively, rough surface scattering is a function of
incident angle, wavelength, and average height of the surface irregularity. A given surface becomes

rougher when the frequency increases or the incident angle decreases.

4.4.3 Scattering Loss Factor

A simple treatment of the surface roughness was provided in [83] and [84], where a scattering loss
factor, ps, was used to account for the additional loss in the specular reflected wave due to the

rough surface effects. In [83], Ament showed that if the surface heights are Gaussian distributed,
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ps can be expressed as
moy, cos 6;

ps = exp{~8(T20h 2y (4.83)
where o}, is the standard deviation of the surface height about the mean surface height in the first

Fresnel zone of the illuminating antenna. This model was then modified in [84] to better fit the

measurement data. The modified scattering loss factor is given by

Toy, cos 0; Toy, cos b;

ps = exp{=8(—— )2}10{8(7)2} (4.84)

where Iy(+) is the modified Bessel function of zero order. Measurements from [85] showed reasonable

agreement with the modified model (4.84) for large exterior walls made of rough limestone.

Due to the random nature of the surface profiles, characterization of surface roughness is a compli-
cated problem and still remains unsolved. Numerical methods are developed to solve rough surface
problems [86, 87]. More rigorous theoretical approaches to the rough surface scattering problems

can be found in [5, 6, 88, 89, 90, 91].

4.4.4 Reflection Measurement Results

At millimeter-wave frequencies, almost any surface appears rough except when the incident angle
is close to 90 degree (i.e., grazing angle). Measurements of reflected and/or scattered signals were
made for a variety of surfaces at normal incidence by Violette et al in [10]. The transmitter and
receiver antennas were colocated and pointed at the building surfaces. In [10], reflection loss was
measured as the difference (in dB) between the reflected power and the received signal power via free

space LOS path with the same path length. Measurement results are summarized in Table 4.4.4.

Results from [10] show an apparent reduction of the reflected power with the increase of the fre-
quency from 9.6 GHz to 28.8 GHz and 57.6 GHz . The high reflection loss at millimeter-wave

frequencies is an expected result due to the rough surface scattering.

Langen et al presented reflection measurement results at 60 GHz in [92]. Reflection loss at various
angles was measured using two horn antennas with a 3 dB beamwidth of 3°. Results showed that
when the standard deviation of the surface height is equal to or greater than 0.3 mm, the rough
surface structure has distinct influence on the reflection loss. In [92], the rough surface effect was

modeled using (4.83).
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Table 3: Reflection Loss Measurement Results from [10]

Surface 9.6 GHz 28.8 GHz 57.6 GHz | One-way pathlength (m)
Metal 0 -1 -1 50
Metal 2 -5 -7 11
Metal -2 -3 -1 50
Metal 1 -8 -7 80
Metal -6 1 -9 109
Average -1 -3 -5

Brick(solid) -2 -7 -7 95
Brick(solid) -6 -14 -8 47
Brick(windows,doorway ) -9 -14 -18 93
Brick(windows,doorway ) -12 -15 -15 135
Concrete(ribbed) -6 -11 -19 64
Concrete(aggregate) -12 -10 -20 75
Concrete(aggregate) -6 -12 -17 75
Average -8.5 -11.25 -15.25

73

In [93], Seville et al presented results of building scattering measurements at an incident angle
of 30°. CW measurements of specular and nonspecular reflections of a brick wall in a 2 story
building was measured at 37.53 GHz. The transmitter antenna was located 30 m from the wall,
and both copolar and crosspolar reflected waves were measured around an arc with radius of 30 m.
Results show that the copolar reflection loss is 13.7 dB in the specular direction. Non-specular
reflection was found to be significant; however, no quantitative measurement results were given.

The contribution of cross-polar reflections is 10-25 dB lower than from co-polar reflections.

At grazing angles, however, the surface reflection is close to the smooth surface reflection indepen-
dent of frequency. Measurements in [10] showed that, at very small grazing angles, the measured

reflection coefficient approaches -1 even at millimeter-wave frequencies.



Chapter 4. Terrestrial Millimeter-Wave Propagation. 74

4.5 Scattering: Radar Cross Section

When the surfaces of a distant object are irregular or rough, the energy incident upon the object
is scattered into different directions. Bistatic radar equation can be used to model the scattered
energy from a target (scatterer) [94]. The target intersects part of the incident power and reradiates
into different directions [95]. The power flux at the radar target due to the transmitted signal is

given by
Pth
47TR%

where P, is the transmitted power, GG; is the transmitter antenna gain, and R is the distance from

Starget = (4.85)

the transmitter to the target.

The power flux at the receiver antenna due to the reradiating of the target is given by

Pth g
STeceiver — F}?%F}?% (486)
where Ry is the distance from the target to the receiver, and o is the radar cross-section (RCS) of
the target. RCS is used as a measure of the effective area as seen by the radar that intersects and

reradiates the power. RCS has the units of area. The received signal power is given by

. Pth g

=———7 4.87
" 4wR}4mwR3C (4.87)
where A, is the effective area of the receiver antenna, which is
G, \?
A, =~ 4.88
© 4 ( )

where G, is the receiver gain. The received power can be expressed in terms of receiver gain by

substituting (4.88) into (4.87) as follows:
o PthGT)\QU
"= UV RIS

Models based on the bistatic radar equation (4.89) have been used to estimate the received signal

(4.89)

power due to scattering in urban mobile communications [14, 71, 96]. Typical radar frequen-
cies range from 220 MHz to 35 GHz [95]. Potential millimeter-wave radar applications include
high-resolution radar, cloud-physics radar, interference-free radar, and missile guidance. However,
millimeter-wave radar is not widely used due to the cost of components, high attenuation due to
water and oxygen, small antenna aperture size to collect the scattered energy, and possible effects

of high doppler shifts [95].
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4.6 Scattering: Effects of Vegetation

At millimeter-wave frequencies, the dimensions of tree leaves are larger or comparable to the wave-
length. Therefore, vegetation can be modeled as a random medium of discrete, lossy scatterers
[7, 77]. Propagation of millimeter-waves through vegetation is characterized by attenuation, beam

broadening and depolarization.

A theory for millimeter-wave propagation in woods and forests was developed in [77]. Radio wave
propagation in vegetation was modeled by using a theory of radiative energy transfer (transport
theory). In transport theory, the scattering media is characterized by the absorption cross section
per unit volume, o, the scatter cross section per unit volume, o, and the power scatter function,
p(S,S’ ), where unit vectors S and S’ indicate the scatter direction and the incident direction,

respectively. The model for transport theory is shown in Figure 38.

Free Space Forest
Half Plane Half Plane
L Scatterer

—

o S

— scattering

> 3 direction

Incident wave incident

direction

Figure 38: Model of transport theory [7]

It is assumed that the scattering surfaces of the vegetation are randomly oriented, and much larger
than the wavelength. Therefore, “the scatter function is isotropic in the sense that it depends only
on the angle v = cos_l(g . S’)”, and it should “consist of a strong narrow forward lobe and an

isotropic background” [77]. Under the further assumption that the forward lobe has a Gaussian
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profile, the scatter function p has the form of

plr) = a(AiV)%xp{—(meH(l—a) (4.90)

N o= 00571(5’-5”) (4.91)

where A~ is the beamwidth of the forward lobe and « is the ratio of the forward scattered power
to the total scattered power. The vegetation scattering problem is then treated as a plane wave
impinges upon an infinite forest half space with constant parameters o4, 05, Ay and a. The detailed

solution of the problem can be found in [97], and here only the qualitative results are given.

The total field intensity, Ijq;, in the forest half plane consists of reduced incident intensity, I;,
and the diffuse intensity, I;. The diffuse intensity can be further split into forward scattered field

intensity, Ir,, and backward scattered field intensity, Ij,.
Itotal - Iri + Id - Im' + Ifs + Ibs (492)

The coherent field component, I.;, dominates at short distances and decreases exponentially due
to the absorption and scattering. The incoherent field component, I;, increases linearly at short
distances, and then decreases exponentially at large distances. The forward scattered field Iy,
is dominant at the intermediate distances. The backward scattered field I, has the smallest

magnitude and attenuation rate, and it dominates at large distances.

4.6.1 Vegetation Scattering Measurement Results

A comprehensive measurement campaign on microwave/millimeter-wave propagation in woods and
forests was performed by Schwering et al. at 9.6, 28.8, and 57.6 GHz [77]. The main focus of the
research was to study beam broadening and depolarization effects of the vegetation at different
ranges (vegetation depth) and frequencies. A regularly planted, well-groomed stand of trees of
equal height (a pecan orchard) was measured under both winter and summer conditions. CW

measurements were taken over path lengths of 0.1 to 0.9 km with 1 to 35 trees on the path.

The experimental investigation of range dependence showed that attenuation due to vegetation
increases rapidly at small vegetation depth, but the attenuation increases much more slowly at

larger vegetation depth. The transition of attenuation rates occurs at the vegetation depth of 3-4
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trees. Just after the change of attenuation rate, significant beam broadening and depolarization
occurs. Measurements for frequency dependence showed a much higher loss at the two millimeter-
wave frequencies than at 9.6 GHz in the canopy region. The loss at 28.8 GHz and 57.6 GHz is

almost the same.

The measurement results are well explained by transport theory. The theory confirms the transition
from a high attenuation rate at small vegetation depth into a much reduced attenuation rate at
large vegetation depth. At short distances, the coherent field I,; decreases rapidly, while at larger
distances, the diffuse scattered field I;s decreases much more slowly. Furthermore, the substantial
beam broadening at the transition region is also explained by the interplay of the coherent and the

incoherent field components.

Other measurement campaigns are reported in [37, 38, 93, 98]. In [93], propagation through
sycamore and lime trees of vegetation depths of 0 to 46 m is studied at 38 GHz . Measure-
ment results also show the decrease of attenuation rate with the increase of vegetation depth, and a
transition from the dominant coherent field at small vegetation depth into the dominant incoherent
field at large vegetation depth. Furthermore, measurements show that the back-scattered field has
a higher value with greater fluctuation at the tree trunk level than at the canopy level. Measure-
ments from [37, 38, 98] show that attenuation caused by vegetation is one of the main limiting
factors in LMDS coverage. The depolarization caused by vegetation and other signal scatterers was

found to be much greater than rain-induced depolarization [98].

4.7 Scattering: Effects of Rain

Effects of rain on radio wave propagation have been studied extensively for attenuation and depo-
larization, both theoretically and experimentally. This section briefly addresses some of the most
important rain attenuation models presented by Olsen [99] and Crane [78], and measurement results
summarized by Lin [100]. More rigorous theoretical treatments of rain scattering can be found in

[101, 102, 103, 104]. Rain effects on satellite-to-ground propagation can be found in [105, 106, 107].

Throughout this work, rain attenuation (in dB) is defined as the reduction of the received signal

power due to the rain as compared to the received signal power under clear weather conditions. It
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does not include the free space path loss.

4.7.1 The aR’ Rain Attenuation Model

Rain can be modeled as a random medium of sparsely distributed scatterers [99]. Rain attenuation
is caused by both absorption and scattering of the rain drops. The average rain attenuation, Ag,

in addition to the free space path loss is given as follows [99]

~ 20kIm(n)

An =" B/ (4.93)

where k is the wave number, which equals 27/, and Im(-) denotes imaginary part. The bulk

refractive index, n, for the random medium of rain is given by

2w

n=1-jo /0 ' 5(0, D)N(D)dD (4.94)

where S(0, D) is the forward scattering amplitude, D is the rain drop diameter, and N(D) is the
drop size distribution. Substituting (4.94) into (4.93), Ag is expressed as

Ap — 4.343 / Q.(D)N(D)dD dB/km (4.95)
0
where Q¢(D) is the extinction cross section, given by

i—ZRe[S(O, D)] m? (4.96)

Qi(D) =

where Re(-) denotes real part.

The forward scattering amplitude of a spherical particle can be approximated by a series summation

under low frequency assumptions [99, 108],
S(0,D) = jz* (M + Myx? + Mzx® + Myx* + Msa5...) (4.97)

where z is the size parameter x = D/, and coefficients M; are functions of the refractive index

of the water.
Marshall and Palmer first proposed the drop size distribution in the following form

N(D) = Ngexp{—AD} (4.98)

A = aRP (4.99)
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where Ny, a, 8 are constants, which are obtained through measurements.

Detailed theoretical and numerical analysis of rain attenuation is presented in [99] by applying
Mie scattering calculation and different dropsize distributions. General rain attenuation is derived

theoretically and simplified by an exponential relationship as
Ar =aR® dB/km (4.100)

where a and b are functions of frequency and rain temperature. The resulting set of values for a
and b is presented in both tabular and graphical form for the frequency range of 1 to 1000 GHz
[99].

4.7.2 Crane’s Rain Attenuation Model

Rain attenuation has been studied extensively by Crane [78]. Crane’s rain attenuation model takes
into account the variation of rain rates along a horizontal path. A path-averaged rain rate is
calculated based on the point rain rate (rain rate measured at a single location). Measurement
results from [109, 110, 111] were analyzed for path lengths of 5, 10, and 22.5 km. Results show

that the average rain rate is related to the point rain rate by
R = fi(d)R'TF2() (4.101)

where d is the path length, and fi(d) and fa(d) are empirically derived functions.

A theoretical prediction model was proposed by Crane based on the aR? rain attenuation model
and (4.101). The model is summarized in Equations (4.102) to (4.105) [78, 112].

eubd -1

Ar = aR'[ —] (for 0 < d < Dy) (4.102)
u
ubDg __ 1 BbecbDo Bbecbd
— aRYS - for Dy < d < 22.5 k 4,103
ok’ ub cb + cb I (for Dosd< m) ( )
where
Dy = 3.8—0.6In(R)[km]; B =23R%Y (4.104)

¢ = 0.026 —0.03In(R); u = In[BeP°]/ Dy; (4.105)
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and Apg is the rain attenuation in dB, R is point rain rate in mm/hr, and d is path distance in
km. Multipliers a and b are rain attenuation coefficients, which are functions of frequency and

polarization.

For paths longer than 22.5 km, the attenuation Apg is calculated for a 22.5 km path, and the resulting
rain attenuation is multiplied by a factor of (d/22.5). All the parameters are well tabulated for
different global rain climate zones. The global geographic regions are divided into rain climate zones
based on the rain rate statistics collected over several years. Point rain rate vs. time distribution

has been tabulated for each rain climate region [78].

Example of Crane Model Calculation

In Virginia, for example, the rain rate climate region is D2 [78]. For vertical polarization, the
coefficients a and b are 0.281 and 0.943 at 38 GHz , respectively. From the point rain rate vs.
time distribution table, the rain rate is 49.0 mm/hr for 0.01% of a year for which this rain rate is

exceeded. For this rain rate,

B = 23R YT =1.187 (4.106)
¢ = 0.026—0.03In R = —0.0908 (4.107)
Dy = 3.8—0.6InR = 1.465km (4.108)

For the 38 GHz point-to-point measurements presented in Chapter 5, the path lengths, d, are 206 m
and 605 m. The predicted rain attenuation for measurements in Chapter 5, using the Crane model,
is Agp = aRb[eubz—g_l] = 2.3 dB for the 206 m path, and 6.7 dB for the 605 m path at a rain rate
of 49 mm/hr .

4.7.3 Rain Attenuation Measurement Results

Many experiments have been performed to characterize rain attenuation [78, 100]. In [100], 31 sets
of experimental data collected by different authors were summarized and the statistical behavior
of rain attenuation was investigated. Each of these measurement sets was performed over a period

of 6 months or longer. From these measurements, 6 sets were performed over earth-space paths at
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16, 19 and 30 GHz . The other 25 sets were performed over terrestrial paths ranging from 0.61 km
to 80 km at frequencies from 11 to 100 GHz .

The results show that the distribution of rain attenuation Ag in dB is approximately lognormal
with a standard deviation o4 ranging from 4.6 to 7.1 dB for earth-space paths, and from 3.3 to
8.6 dB for terrestrial paths. The distribution of the rain fade duration 2, T, is also approximately
lognormal with a standard deviation o, ranging from 4.4 to 7 dB for both earth-space and terrestrial

paths.

The rain attenuation is a function of many random time-varying parameters of the medium. These
parameters include the number of rain drops in the path, the raindrop shape, the drop size distribu-
tion, the spatial characteristics of the rain density along the path, the storm cell shapes and sizes,
wind velocity, raindrop temperature, the presence of up or down drafts, and other effects [78, 100].
The lognormal distribution of the Apr is explained by the central limit theorem, assuming that the
rain rate is affected by these factors in a multiplicative way. The central limit theorem states that

if the random variables x; are independent, then under general conditions, the PDF of their sum

N
=Y =z (4.109)
i=1

tends to a normal distribution as n — oo [62]. If a random variable is the result of multiplication

of other independent random variables

N
z=]]= (4.110)
i=1
then the logarithm of x is given by
N
10]og10x:21010g10:ci (4.111)
i=1
or
N
z[dB] = z;[dB] (4.112)
i=1

Applying the central limit theorem, the logarithmic value of x is normally distributed. This hy-
pothesis explains the experimental results of lognormal distribution; however, there is no theoretical

proof of how different factors affect the rain attenuation multiplicatively.

2Rain fade duration is defined as the time duration when the rain attenuation exceeds a certain threshold.



Chapter 4. Terrestrial Millimeter-Wave Propagation. 32

4.8 Other Outdoor Propagation Measurement Results

4.8.1 LMDS Applications

Millimeter-wave channel for LMDS applications are studied experimentally in [37, 38, 98]. The

detailed setup of these three measurement campaigns is summarized in Table 4.

Table 4: Experimental Setup for LMDS Measurements.

References [98] [37] [38]
City Northglenn, CO, San Jose, CA | Boulder, CO | Brighton Beach, NY
Environment suburban suburban urban
fe (GHz) 28.8, 30.3 28.8, 30.3 28
Bandwidth CW, 500 MHz CW, 500 MHz CW
Range (km) 0.5, 1.0, 2.0 2-7 <6
hrx (m) 12.2, 244 16, 40 95
hrx(m) 1-2 (above roof) 1 (above roof) 4,7.3,11.3
Antenna BWrpx (°) 90(azim.), 20(elev.) 26 omni
Antenna BWgrx(°) 2.5 5.5 12(azim), 10 (elev)
Polarization V,H A% A%

In [98], Papazian et. al. presented both CW and wideband measurements for LMDS over 0.5-,1.0-
and 2.0-km suburban cells with foliated trees in Northglenn, Colorado and in San Jose, California.
CW measurements were performed at 28.8 GHz and wideband (500 MHz) measurements were
performed at 30.3 GHz. The transmitting antenna was a vertical horn antenna with 90° and
20° beamwidths in azimuth and elevation, respectively, and the receiving antennas were two dish
antennas with 2.5° beamwidth. One dish was vertical polarized and the other one was horizontally
polarized. The transmitter had a fixed location and two different heights of 12.2 m (40 ft) and 24.4
m (80 ft). The receiver locations were randomly chosen at houses within a quadrant cell of radius
less than 500 m. Receiver antenna heights were 1-2 meters above the house rooftop. The area
coverage probability is computed as the ratio of the number of receiver locations with sufficient

power level, to the total number of tested receiver locations.
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Area coverage estimates were found to vary considerably with cell size, transmitter antenna height,
and required minimum signal level. Results show that strong signals are received only through un-
obstructed LOS links. Under clear weather conditions, foliage attenuation is the major propagation
impediment for LMDS services. Similar results were also observed in [37]. Short-term variation
measurement results show that Rician distribution predicts deeper fades than the measured values
under clear weather conditions [98]. RMS Delay spread of up to 3 ns was measured with a threshold
of 20 dB below LOS component. These multipath components may be caused by surface reflec-
tion, or multiple scattering due to tree leaves or other objects. A depolarization study showed that
vegetation induced depolarization is more severe than rain induced depolarization. Results from
[113] and [114] showed that signal XPD during rain remained above 24 dB for rain attenuation up
to 30 dB. Cross-polarization measurements within 0.5 km cells showed signal XPD of 14 dB at an
attenuation of 30 dB, which is 10 dB lower than the XPD during rain [37]. This depolarization was

caused by vegetation within the measurement cell.

In [37], Papazian et al. presented wideband measurements at 30.3 GHz for LMDS study in a
suburban neighborhood in Boulder, Colorado. Transmitters were located at heights of 16 m and
40 m above ground in a 13-story apartment building. Receiver locations were chosen at one- and
two-story single family homes and one- to three-story townhouses. At these locations, the receiver
antenna was raised 1 m above the house roof height. For the transmitter antenna height of 40 m,
the multipath rms delay spread was between 0.8 and 10 ns with a median value of 1 ns using a
10 dB threshold. For the antenna height of 16 m, rms delay spread varied mainly between 0.7 ns
and 5.5 ns. The measured excess path loss relative to free space LOS ranged between -6 dB (i.e.
the measured path loss is 6 dB less than the free space path loss) and 35 dB, and the medium value

ranged between 15 dB and 18 dB for 45 receiver stations and two transmitter heights.

In [38], Seidel et al. performed narrowband measurements at 28 GHz in Brighton Beach, NY,
to investigate path loss and the presence of specular reflections as a function of antenna height.
The Cellular Vision (see Section 1.3.1) 3 broadcast signal was used as transmitted signal. In the

measurement campaign, a standard horn antenna was used at the receiver. The transmitter was

3Cellular Vision systems have a cell radius of 4.8 km, a bandwidth of 20 MHz for each channel, and a radiated
power of 10 mW per channel. In typical Cellular Vision systems, omnidirectional antennas are used at the transmitter
and fixed-phased-array antennas are used at the receiver [115].
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located on a 95 m tall apartment building, and 77 discrete receiver locations were chosen within a
distance of 6 km from the transmitter. At each receiver location, the receiver antenna was rotated
by 360 degree in azimuth at three different antenna heights of 4 meter, 7.3 meter and 11.3 meter
above ground level. Angle-of-arrival measurements show detectable specular reflections at many

locations. These specular reflections may potentially be used to reduce system coverage holes.

Passive Repeater Study

Passive repeaters are typically metallic, strong reflectors that can be used to redirect (reflect) micro-
or millimeter-wave signals over or around obstructions. Passive repeaters are used at microwave
frequencies to increase the received signal power level in obstructed regions and increase the system

coverage area.

In [37], CW measurements at 28.8 GHz were performed for passive repeater study. The repeater

loss is given by [116]
Ly (dB) =P+ G+ G, + Gpr — P. — Lys(r1) — Lys(r2) (4.113)

where L, is the passive repeater loss, P, is the received power, F; is the transmitted power, G is
the transmitter antenna gain, G, is the receiver antenna gain, L¢4(r1) is the free space path loss,

and G, is the repeater gain given by
Gpr = 201logo(4mA cos a/)\?) (4.114)

where A is the repeater area, « is the incident angle, and X is the wavelength. Passive repeater
gain is defined as the difference (in dB) of the power density at a distant point due to the passive
repeater to the power density which would exist at the same point if the passive repeater were
replaced by a matched, isotropic antenna of 100% ohmic efficiency and fed with RF power equal

to that accepted by the passive repeater [116].

In [37], repeater loss of a 1.2 m? aluminum reflector was measured. Measurements showed 4-6 dB
repeater loss and 16-24 dB XPD at incident angle of 1.5° to 54.5° at 28.8 GHz. The authors
attribute the repeater loss to the scattering off the tripod, which supported the repeater, and the

fact that the repeater surface was not perfectly flat.
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4.8.2 Street-Level-Propagation

In [10], Violette et. al. presented measurement results on point-to-point transmission at street
level. Both LOS and non-LOS propagation were studied using wideband and narrowband measure-
ment systems operated in the upper microwave and millimeter-wave bands. Three measurement
campaigns over a three-year period were reported. Two operating systems were used for these mea-
surements. Using the first system, CW measurements were performed at 9.6, 28.8 and 57.6 GHz.
Using the second system, CW measurements were performed at 11.4 and 28.8 GHz, and wideband

measurements (with 1 GHz RF bandwidth) at 30.3 GHz.

Non-LOS measurements through buildings were performed by placing the antennas on opposite
sides of the building and pointing them perpendicular to the building walls. The excess path loss
(with respect to free space) through steel reinforced concrete or brick buildings was about 84 dB
at 9.6 GHz and more than 100 dB at 28.8 and 57.6 GHz [10]. When both antennas were rotated
in the elevation plane, the received signal power was maximized when both antennas were pointed
towards the roof edges. This indicates the flat rooftop supported a diffraction mode that has a

path loss lower than the penetration loss through the building.

Propagation through metalized glass exhibited 25 to 50 dB loss for each metalized layer, but small
loss was measured through clear glass [10]. Reflection measurements were performed for a variety

of building surfaces. The reflection measurement results are presented in Section 4.4.4.

Unlike LMDS, where the transmitter and receiver are located above the majority of obstacles, street-
level propagation is much more confined by the surrounding objects. Multipath reflections due to
ground, wall, signs, cars, or other flat surfaces, must be considered in channel characterization.
Multipath signals were detected in the street-level propagation, even with narrow-beam antennas
(2—3°) at heights of 2-3 m above street level [10]. Multipath caused by ground reflection resulted in
fades in excess of 30 dB, and multipath delay of less than 1 ns. Reflections from building walls and
other surfaces resulted in multipath components that were at least 15 dB below the LOS component

and with delay time greater than 10 ns.

In [117], ray tracing techniques are used to predict wideband channel impulse response for street-

level millimeter-wave propagation. Surface reflection is modeled using Snell’s reflection coefficient
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with a roughness factor. Predicted results showed general agreement with measurement results
in terms of average received power and delay spread. However, due to the lack of detailed site

information, ray tracing only provided qualitative knowledge of the channel in [117].

4.9 Outdoor Propagation Study at 60 GHz

Path loss at 60 GHz was studied by Correia et al in [118, 119]. In [119], a path loss model was
proposed for received signal power estimated on the basis of a path loss exponent model (2.6) as

follows

PL(d) [dBm] = PL¢s(do)[ dB] + 10n]0g10(di0) + (AR + Ao)[ dB/km] - d[ km] (4.115)

where Ar and Ap are attenuation coefficients due to rain and oxygen absorption, respectively, and
the other parameters are defined in the path loss exponent model in (2.6). In [118], results from
CW measurements along a street show that if the path loss exponent model (2.6) is used, the range
for n is from 2.3 to 2.8 for d € [0,250] m, and from 7.0 to 7.5 for d € [1,2] km. When model 4.115

is used to separate the effects of oxygen absorption, the n values is in the range from 2.0 to 2.5.

In [120], fading characteristics are studied along a canyon-like street at 60 GHz. The transmitter
was fixed in the middle of the street at a height of 3 m above the ground. CW measurements were
taken as the receiver was moved along the street. The transmitter antenna had a beamwidth of 25°,
and the receiver antenna was an omnidirectional slot antenna. Results show that the small-scale

fading was well described by the Rician distribution.

4.10 Literature Survey on Indoor Propagation Measurements

4.10.1 Narrowband Measurement Results

CW measurements were performed in [8, 70, 121, 122] to characterize a narrowband millimeter-wave
channel. Main measurement results include path loss exponent, penetration loss through walls and

other obstructions, and received signal PDF.
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Path Loss Exponent

Path loss exponent measurement results are summarized in Table 4.10.1. In [121], Kalivas et al
performed CW measurements on the third floor of an engineering building at Carleton University.
The floor area was 30 x 45m?2. In [8], Kajiwara performed CW measurements at 94 GHz in a hall,
room and corridor on an office building floor. The floor and walls were made of reinforced concrete
and plaster boards, respectively. In [123], Bultitude et al performed wideband measurements at
40 GHz in two office buildings using a VNA system. The received signal power was measured as
the sum of the power at each frequency component multiplied by a calibration factor. Scatter plots

were developed for the TR separations of d < 25m, and 25m < d < 40m.

Path loss exponent was found to be 1.2-1.8 for LOS, and 3-4 for non-LOS (NLOS) propagation
[8, 121]. Note that in LOS propagation, the path loss exponent is less than the free space path
loss exponent of 2, i.e. the received signal power is higher than the free space LOS power. This
indicates that strong reflected waves are received along with the LOS component. As shown in [14],
the spatial average received power is the sum of the power of individual multipath components.
Therefore, the total received power is the sum of LOS power and the power of reflected waves.
One prominent example is wave propagation in corridors or tunnels, where the wave guide effects
of surrounding walls reduce the path loss exponent to be less than 2 [121, 124]. For NLOS paths,
the received signal is attenuated by walls or other obstructions, which results in a high path loss

exponent.

Penetration Loss

Excess penetration loss due to wall, door, or other obstacles at millimeter-wave frequencies is
measured in [8, 70, 92, 121, 125, 126]. The results are presented in Table 4.10.1. For comparison
purposes, measurement results at 1.3 GHz from [127], and results at 5.85 GHz from [2] are also

presented.

In [8, 70, 125, 127], the penetration loss was measured directly by comparing the received signal
power through the obstruction with the received signal power in free space at the same TR sepa-

ration. In [2, 121], the path loss was measured over many NLOS paths, and the penetration loss
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Table 5: Summary of Measured Path Loss Exponent Results

Ref. Path f (GHz) n Environments
[121] LOS 21.6 1.2 Along corridor
LOS 37.2 1.65 Along corridor
NLOS 21.6 2.95 1-4 wall obstructions
NLOS 37.2 3.3 1-4 wall obstructions
8] LOS 94 1.2-1.8 In a hall and a room
LOS 94 1.2-1.8 In a corridor
NLOS 94 3.6-4.1 | In an office building floor
[123] | <25 m 40 1.5 Open concept office area
25 -40 m 40 4 Open concept office area

was found by optimization procedures that minimize the mean square error (MSE) between the

measured and modeled path loss values.

As shown in Table 4.10.1, prominent increase in penetration loss through a dry concrete wall is
observed as the carrier frequency changes from 1.3 GHz to 37.2 GHz. The lower penetration loss
into exterior concrete building walls imply that microwaves have certain advantage in providing
wireless access into buildings. Also, a consistent increase in penetration loss was measured as the
frequency increases from 9.6 GHz to 28.8 GHz and 57.6 GHz through different material such as
plywood and aluminum [125]. However, comparison of the penetration loss through plaster board

walls at 5.85 GHz and 37.3 GHz does not show obvious trend.

Received Signal PDF's

At microwave frequencies, measurements have shown that the local mean power obeys a lognormal
distribution [14, 128]. The lognormal distribution describes the random shadowing effects which
occur over a large number of measurement locations with the same transmitter and receiver separa-
tion but different levels of clutter [14]. In [8], distribution of local mean power is studied from CW

measurements at 94 GHz. Under LOS conditions, the local mean power was found approximately
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Table 6: Summary of Penetration Loss Results

Reference | Obstruction d(ecm) | Loss (dB) | f (GHz)

[70] concrete wall 75.2 43 37.2
plasterboard wall 12.5 3.45 37.2

wood door 4.5 0.45 37.2

door with glass 0.4 0.56 37.2

human body - 35.2 37.2

[121] double plasterboard wall - 5.4 37.2
double plasterboard wall - 3.7 21.6

[8] human body - 15-25 94
[125] dry plywood (1 sheet) 1.9 1 9.6
dry plywood (1 sheet) 1.9 4 28.8

dry plywood (1 sheet) 1.9 8 57.6

dry plywood (2 sheet) 3.8 4 9.6

dry plywood (2 sheet) 3.8 6 28.8

dry plywood (2 sheet) 3.8 14 57.6

wet plywood (1 sheet) 1.9 19 9.6

wet plywood (1 sheet) 1.9 32 28.8

wet plywood (1 sheet) 1.9 59 57.6

wet plywood (2 sheet) 3.8 39 9.6

wet plywood (2 sheet) 3.8 46 28.8

wet plywood (2 sheet) 3.8 57 57.6
aluminum (1 sheet) 0.32 47 9.6
aluminum (1 sheet) 0.32 46 28.8
aluminum (1 sheet) 0.32 53 57.6

[127] concrete wall - 13-20 1.3
2] brick wall - | 125164 | 585
cinderblock wall - 22 5.85
plasterboard wall - 3.6-5.6 5.85
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Table 6: Summary of Penetration Loss Results - Continued

Reference | Obstruction d(ecm) | Loss (dB/cm) | f (GHz)

[92, 126] | Stone wall - 5.73 60
Marble wall - 1.25 60
Concrete wall - 6.67 60
Aerated concrete wall - 3.7 60
Tiles - 7.81 60
Glass - 6.05 60
Acrylic glass - 1.03 60
Plasterboard wall - 1.51 60
wood wall - 4.22 60
Clipboard wall - 5.15 60

lognormally distributed with standard deviation of 0.6 - 1.8 dB for a hall and a room, and 4-5 dB

for a corridor.

As shown in Section 2.2.2, the distributions of the received signal envelope in small scale fading
channels are described by PDFs. For millimeter-wave indoor channels, received signal power PDFs
almost always obey Rayleigh distribution for NLOS propagation [121]. However, for LLOS propa-
gation, there are no consistent results from the literature. It is found in [129], that when there
is a LOS path, the signal PDF departs from a Rayleigh distribution and tends to follow a Rician
distribution. In [121, 122], received signal power PDF was found to follow a Rayleigh PDF for LLOS
propagation. This is explained by the existence of numerous reflected rays, which are comparable
to a LOS path. The received signal consists of both these coherent waves and numerous scattered

incoherent waves *

. This situation is not mathematically described by Rician, Rayleigh, or TIP
distributions. However, as the quantity of the coherent field components increases, the resulting
PDF will be close to Rayleigh PDF based on the law of large number [62]. When the quantity of
the coherent field components approaches two, the resulting PDF will be close to TIP. When there

is only one coherent field component, the PDF is Rician. The extension of the PDF class for the

“Note that this is consistent with the measurement results of path loss exponent, where strong reflected waves
increase the total received power and reduce the path loss exponent.
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cases when the number of coherent waves is two or more can explain the measured PDFs that do

not fit into the classical PDFs [49].

Other CW Measurements

In [8], Kajiwara studied performance of artificial reflectors(passive repeaters). The measurements
were performed in two NLOS environments as shown in Figure 39. Measurement results show that
in NLOS locations, the received signal power can be increased by 10-25 dB by using a reflector
plate of 0.2 x 0.2m depending on the curvature radius and size of the convex reflector.

Measurements in a Room

¥ Passive Repeater

4
QRX

N Tx Steel rack

Measurements in a Corridor

>~ Passive Repeater
<
Tx

v
VRX

Figure 39: Passive repeater measurements [8].

In [122], Hammoudeh et al performed CW measurements at 60.4 GHz and 38.25 GHz in a 9 x 10.8 x
2.7m empty room and a 27.5 x 1.6 x 2.7m corridor using omnidirectional antennas. The transmitter
was fixed at the end of the corridor or in the corner of the room. The receiver was moved along
the corridor and the diagonals of the room. Measurement results were compared with ray tracing
results. Ray tracing with second order specular reflection produced well matched results with the

measured spatial fading signals. This indicates that for indoor millimeter-wave channels, multipath
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is dominated by LOS and reflections.

4.10.2 Wideband Measurement Results

Wideband measurement campaigns are reported in [11, 12, 123, 130]. Measurement results show
that multipath channel dispersion is highly dependent on antenna directivity and polarization

[11, 12]. In this section, the influence of antennas on multipath channel is studied in details.

Effects of Antenna Directivity

The effects of antenna diversity on multipath dispersion in indoor millimeter-wave system is studied
in [11, 123]. Manabe et al performed wideband channel measurements at 60 GHz in a 13.51 x 7.81m
office room using four different receiving antennas: an omnidirectional antenna, a scalar feed horn
antenna with 60° beamwidth, a standard gain horn antenna with 10° beamwidth, and a scalar
lens horn antenna with 5° beamwidth. The transmitting antenna was an omnidirectional monopole
antenna. Only one transmitter-receiver location was measured, and the results, as shown in Table 7,

indicate obvious reduction of multipath dispersion as the antenna beamwidth decreases.

Table 7: Measured Delay Spreads for Different Types of Antennas [11]

Antenna Type omni | scalar feed horn | standard gain horn | scalar lens horn
3-dB beamwidth - 60° 10° 5°
Delay spread (ns) | 18.08 13.59 4.7 1.05

Measurements in [123], however, showed only slight reduction of delay spread when a directional
antenna is used instead of an omnidirectional antenna. In [123], Bultitude et al performed wideband
measurements at 40 GHz for two open office areas of different sizes in two different buildings. An
omnidirectional and a pyramidal horn antenna with a beamwidth of 12° in both planes were used at
the transmitter, and an omnidirectional antenna was used at the receiver. The transmitter antenna
was fixed in the center of measurement area at a height of 2.13 m, and the receiver antenna was

moved around the area at a desk level height. When the horn transmitter antenna was used, the
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measurement locations were all inside the area covered by main beamwidth of the horn antenna. A
total of 669 receiver locations were measured. The RMS delay spread was found to be 19 ns for the
small office area, and 45 ns for the large office area for 90% of the time. CDFs of RMS delay spread
values for directional and omnidirectional antennas showed only slight reduction in the delay spread
when the directional antenna was used. The authors conclude that there was no advantage in using
a horn antenna instead of an omnidirectional antenna in this case. Furthermore, measurement
results show a significant increase of multipath dispersion when the receiver was moved into the

area outside the transmitter antenna main beamwidth.

In general, a directional antenna reduces multipath dispersion of the channel. However, the degree

of reduction depends on the antenna beamwidth and specific propagation environments.

Effects of Antenna Polarization

Due to the different magnitude and phase of reflection coefficients for vertical, horizontal and
circular polarizations, millimeter-wave channel characteristics also depend on the polarization of the
antennas used. The polarization dependence of multipath propagation characteristics of an indoor
millimeter-wave channel is investigated in [12]. The transmitter antenna was a scalar horn with
3-dB beamwidth of 60°, the receiver antenna was a scalar lens-horn antenna with a beamwidth of
4.6°. Both antennas were switched among vertical, horizontal, and right-hand circular polarizations.
Measurements were performed in an empty office with floor area of 90 m? with the transmitter in
a corner, and two receiver locations in the center of the office. The impulse response was measured
with the receiver antenna rotating in azimuth every 5°. Measurement results, as presented in
Table 8, show a slight reduction of multipath dispersion by using horizontal polarization, and a
large reduction by using circular polarization as compared to vertical polarization. This relationship
is expected. When a circular polarized wave is incident on a reflecting surface at a large incident
angle, the direction of polarization of the reflected wave is reversed [131]. Therefore, multipath
components resulting from single reflections are rejected by the receiver antenna, leading to a
reduced number of multipath components. It is worth mentioning that similar results are also

obtained by Kajiwara at 10 GHz, and Rappaport and Hawbaker at 1.3 GHz and 4 GHz [132, 133].
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Table 8: Measured Delay Spreads for Different Polarization of Antennas [12]

H-Polarized | V-Polarized | Right-Hand Circular Polarized
Delay Spread(location 1) (ns) 11.02 9.96 5.66
Delay Spread(location 2) (ns) 11.08 10.07 4.68

Other Wideband Measurement Results

The indoor multipath propagation channel was studied at 1.7 GHz and 60 GHz in [134]. Wideband
propagation measurements were performed using a SCS with 200 MHz of RF bandwidth. For the
1.7 GHz system, omnidirectional antennas were used for both the transmitter and the receiver.
For the 60 GHz system, a 20 dB horn antenna was used at the transmitter, and either a 20 dB
horn or an omnidirectional antenna was used at the receiver. Measurements were performed in two
laboratories (10 x 10m and 15 x 30m) and one corridor (3 x 30m) at University of Bristol, UK. The
measured RMS delay spread was always below 50 ns at 1.7 GHz, and below 40 ns at 60 GHz. These
difference can be attributed to building material attenuation, frequency dependence of reflection
coefficients, and different antenna types used. Results also show that the wall attenuation is on
the order of 15 dB per wall. Therefore, excess path lengths of the multipath components are small,

and the effect of oxygen absorption is negligible [134].

Wideband measurements were performed by Smulders and Wagemans at 58 GHz using a VNA
system with a sweeping bandwidth of 2 GHz. Omnidirectional biconical antennas were used at the
transmitter and the receiver. Measurements were performed in eight different indoor environments
at the Eindhoven University of Technology. Due to the high attenuation of the inner walls, these
environments consist of a single room, a single hall or a single corridor only. Typical RMS delay
spread was between 15 to 45 ns for small rooms and 30 ns to 70 ns for large rooms. The worst case

RMS delay spread was 100 ns .
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4.10.3 AOA Measurements

In [12], channel impulse response was measured by rotating the receiver antenna in azimuth every
5°. The measurement set up is explained in Section 4.10.2. The main purpose was to demonstrate
antenna polarization effects on multipath delay dispersion rather than to achieve AOA statistics.

Therefore, AOA was measured at only two receiver locations.

In [130], Droste and Kadel performed wideband indoor measurements at 17 GHz and 60 GHz. A
VNA and a mechanical positioning system were used to investigate spatial variation of channel im-
pulse responses. The time resolution was 0.5 ns by using 2 GHz of sweep bandwidth. Measurements
were performed in a room of 2.49 m x 4.87 m and in a corridor of 2 m x 17.8 m. In the room, the
transmitter was located in the corner, and the receiver was moving along a 1 m track in the center
of the room. In the corridor, the transmitter was at the end of the corridor, and receiver track
was about 12 m from the transmitter. AOA information was reconstructed by connecting the delay
time information with the information on the geometrical locations of the reflectors. Unfortunately,
antenna information and other detailed measurement and modeling information were not presented

in the paper.

4.10.4 Spatial Diversity

In a small scale fading situation, signals received from spatially separated antennas have essentially
uncorrelated envelopes when the separation is large enough [47, 135, 136]. The probability of
simultaneous fades in both signals is much lower than the probability of fade in an individual
signal. In spatial diversity techniques, two or more spatially separated antennas are employed, and
the received signals from these antennas are combined to produce the received information. When
the diversity technique is used, the transmitted power can be reduced to achieve the same system
availability as in a system without diversity. This reduction of transmitted power in dB represents

diversity gain [121, 136].

Due to the short wavelength at millimeter-wave frequencies, the received signals become decorre-
lated at short separation distances on the order of several centimeters. Spatial diversity techniques

at millimeter-wave frequencies were studied by Kalivas et al in [121]. CW measurements were
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performed at 21.6 and 37.2 GHz in an indoor environment at Carleton University. Received signal
powers were measured from two sets of receiver antennas, which were placed several (8 to 14) wave-
length apart. The sampling speed was 2000 sample/s, which corresponds to 60 and 34 samples per
wave length at 21.6 GHz and 37.2 GHz, respectively. Measurements were taken at 38 locations of a
30 x 45m? office area consisting of small offices, medium-size rooms, large classrooms and corridors.
A biconical antenna was used at the transmitter, and both biconical and horn antennas were used
at the receiver. The beamwidths of the horn antennas were 25° at 37.2 GHz and 31° at 21.6 GHz.
Results show that antenna diversity effectively reduces signal fading. The average diversity gains
with selection combining and 99% availability varied between 9.6 dB and 10.1 dB. These results
are close to the expected value of 10 dB, which is the theoretical diversity gain for a Rayleigh fading

channel.

4.10.5 Coherent Bandwidth

In [137], Hammoudeh et al measured channel coherent bandwidth in an indoor microcell environment
at 62.4 GHz. In [137], correlation bandwidth is estimated by measuring correlation coefficients
of channel responses at 34 different frequency separations between 5 and 240 MHz. For each
frequency separation, channel responses were taken at two frequencies at a rate of 6000 sample/s.
Measurements were performed in a 1.92 x 41 x 2.68 m corridor with the transmitter fixed at one end
and a receiver moving towards the other end. Correlation coefficients between the measured signal
envelopes as functions of distance were obtained by calculating the correlation over a window of
40X which is moved by 10A. Results show a decrease of the correlation coefficient with the increase
of separation bandwidth. Frequency spacing of 237.8 MHz, 28.4 MHz and 2.8 MHz will ensure
a correlation level below 0.5, 0.7, and 0.9, respectively, for 90% of time. According to (2.17), a
corelation bandwidth of 2.8 MHz gives 7.14 ns of RMS delay spread.

4.10.6 Human Induced Variation

For indoor wireless LAN applications, one of the main sources of channel variation is the movement

of people in the vicinity of the fixed terminals [138]. Human induced temporal variation of the indoor
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millimeter-wave channel is studied by Marinier et al in [138]. CW measurements were performed
at 30 GHz with a fized transmitter and receiver, with 0 to 4 people walking along paths parallel or
perpendicular to the LOS path. Two types of transmitter antennas were used: an omnidirectional
biconical antenna and a scalar horn with a 10dB beamwidth of 120°. Omnidirectional biconical
antenna was used at the receiver. The transmitter antenna was located on the ceiling in the center

of the room.

In a local area, received signal power level changes as the receiver moves from one position to
another due to the small scale fading. In [138], the fading state of a fixed receiver is characterized
by a spatial fading level, R, which is defined as

P(x0)
P(x)

R(z) = (4.116)

where zg is the specific location, P(zg) is the received signal power at this location, and P(z) is

the spatial average power over the small local area around zg.

Measurement results show that the effects of human motion on the time average received power
depends highly on the spatial fading state that the receiver was in when the environment was free of
movement. When the receiver is located in a spatial crest, i.e. the received signal power is higher
than the local average, the movement of people (1-4) has little effect on the mean signal level.
However, when the receiver is located in a deep fade, the movement of people will significantly
increase the mean signal level. As the number of people increases, this dependence becomes less
important. Measurement results also show that the coherent time with correlation of 50% is no

greater than 3 ms for a walking speed of 0.9 m/s to 1.5 m/s.

In [73], Bultitude et al also studied temporal fading for a fixed transmitter and receiver in an
indoor environment at 40 GHz. The temporal variation occurred when there was motion around
the transmitter or receiver. Results show that fading is Rician for 50% of the time, and Rayleigh

in a few instances, but does not confirm with either of these distributions the rest of time.
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4.11 Research Directions

The proper design of future-generation wireless systems will require an intimate knowledge of the
wideband millimeter-wave channel in any environment and under any weather conditions. Although
many channel models and measurements have been produced for Cellular, PCS and microwave
frequencies, broadband millimeter-wave channel modeling is in its infancy. The desired millimeter-
wave channel models must fully quantify signal path loss, channel time dispersion, signal variation,

and signal angular spread under any weather conditions.

One of the main difficulties associated with millimeter-wave propagation is the random nature of the
propagation medium. Due to the small wavelength, most of the building or object surfaces appear
as rough surfaces, and vegetation or atmospheric particles (such as rain or hail) appear as random
scatterers. The literature search showed some research results in millimeter-wave propagation,
including signal path loss, system coverage, multipath dispersion, rain and vegetation induced
attenuation and depolarization [7, 77, 93]. However, little research has been done to characterize
weather effects on the multipath dispersion. The time dispersion characteristic is the determining
factor for the maximum data rate, time diversity or rake receiver design, and must be determined

for wideband system design.

Another great challenge is the space-time channel characterization. Future broadband wireless
systems explore dimensions of space, time and frequency. When highly directional antennas and
wideband signals are used, spatial and temporal characteristics of the channel become extremely
important. For indoor applications, the multipath channel structure may vary significantly from
location to location. Ray tracing techniques have been used to model the millimeter-wave channel;
however, little literature exists that carefully compares the ray tracing prediction with measured

detailed multipath structure.

The following chapters focus on the above mentioned two aspects of millimeter-wave channel char-
acterization. Chapter 5 presents an extensive measurement campaign at 38 GHz. The weather
effects on the channel time dispersion and signal variation during rain and a hailstorm were inves-

tigated. The ratio of coherent power and incoherent power at various rain rates was also studied.
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Based on the measurement results, a novel design technique for wideband millimeter-wave chan-
nel characterization was developed and presented in Chapter 6. Finally, Chapter 7 presents the

space-time channel characterization at 60 GHz.



Chapter 5

Wideband Point-to-Point Radio Wave
Propagation Study at 38 GHz

This chapter presents the results of a fixed millimeter-wave short-hop radio wave propagation study
at 38 GHz . A wideband measurement campaign was performed using three cross-campus radio
links from April to August 1998 at Virginia Tech. These links represent typical LMDS links in
a campus environment with various levels of obstruction due to vegetation and reflections from
buildings. A total of 73,963 power delay profiles (PDPs) were recorded during different weather

events such as clear sky, rain, and hail.

The measurement campaign produced a variety of results including wideband power delay profiles
(PDPs), short term signal variation due to rain, and attenuation due to rain, hail, glass, and
vegetation. The results show that the measured rain attenuation (in excess of free space) slightly
exceeds the Crane model prediction. Short term variation of received signal strength during rain
follows a Rician distribution with a K factor inversely proportional to rain rate. The wideband
measurements indicate that multipath can occur due to foliage and reflections from wet surfaces
during rain. A theoretical study of signal variation during rain is also presented. The theory shows
that the signal variations are likely due to the inhomogeneous density distributions of rain drops

along the propagation path.

100
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5.1 Introduction

Millimeter-wave frequencies are proposed to provide LMDS, NGI, and “wireless fiber” links to
homes with much higher bandwidth than current systems at UHF or microwave frequencies. Time
dispersion of the channel is the main limiting factor for the maximum data rates of these wideband
systems. Furthermore, channel time dispersion characteristics may change during different weather
events. At frequencies above 10 GHz , one must consider the interaction of EM waves with the
atmosphere, and particles such as rain, snow and hail in addition to other terrain reflectors and
scatterers [17, 75, 78]. Therefore, it is extremely important to characterize the wideband millimeter-

wave channel under different weather conditions.

Some research results have been published for millimeter-wave channel characterization under clear
weather conditions. Multipath and coverage issues for LMDS are studied in [37, 38]. Point-to-
point transmissions at street level are investigated in [125]. Building scattering and propagation
through vegetation are studied in [77, 93, 139]. Other works ([78, 100]) address rain attenuation and
depolarization effects on the millimeter-wave channel. However, little research has investigated the
multipath and time varying nature of the wideband millimeter-wave channel in different weather

events.

This chapter presents one of the first studies of wideband (200 MHz RF bandwidth) propagation
under different weather conditions at 38 GHz over short-haul (less than 1 km) links. The goal of
the measurement campaign was to measure not only the rain/hail attenuation, but also the channel

time dispersion and signal variation under different weather conditions.

5.2 Measurement Setup

5.2.1 Measurement System

PDPs were measured using a sliding correlator channel measurement system with a null-to-null
radio frequency bandwidth of 200 MHz , thereby providing a multipath time resolution of 10 ns
[45, 67, 140]. The system provided an effective isotropically radiated power (EIRP) of 40 dBm
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, a measurement speed of 50 PDPs per second and a multipath dynamic range of 25 dB . A
switch was built in the system to support two modes of operation: spread spectrum mode for
wideband measurements, and continuous wave (CW) mode for system alignment and calibration.
The transmitting antenna is a horn with a maximum gain of 19 dB and half power beamwidths of 45°
and 6.5 in azimuth and elevation, respectively. The receiver antenna is a parabolic reflector with
a maximum gain of 39 dB and half power beamwidths of 1.5° in both azimuth and elevation. Both

antennas are vertically polarized. Details of the measurement system are presented in Chapter 3.

Weather Station

For the measurement campaign, a weather station from Davis Instruments was used to record
weather data including temperature, rain precipitation, humidity, wind direction and speed. The
rain gauge utilizes a tipping bucket design, and the minimum resolvable rain rate for this rain gauge
is 0.01 in/min, or 15.24 mm/hour. The equipment is set up on the rooftop of the building where
the transmitter or receiver is located. Figure 40 shows the rain gauge and the wind speed detector

on the rooftop of the Johnson Student Center.

The weather conditions are automatically downloaded into a portable computer every minute. Both
weather data files and channel responses are saved with time and date, so that the channel mea-
surement results can be exactly matched to the weather conditions under which the measurement

files are taken.

5.2.2 Measurement Sites

Measurements were conducted via three links across the Virginia Tech campus. The first link,
L1, provided a 605 meter, unobstructed LOS path. The second link, L2, provided a 262 meter,
obstructed path due to the dense canopy of a large oak tree. The third link, L3, provided a 262
meter, partially obstructed path due to nearby oak tree leaves that would obstruct the LOS path

during windy conditions.

The geometry and picture of link L1 are presented in Figures 41, and 42. Link L1 provides an
unobstructed LOS path from Slusher Hall to Whittemore Hall. For this link, the transmitter is
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Figure 40: Weather monitoring system on rooftop of GBJ Student Center.

located on the thirteenth floor of Slusher Hall, the tallest building on the campus, and the receiver
is placed on sixth floor of Whittemore Hall. As the figures demonstrate, LOS exists between the
transmitter and receiver. The possible scattering objects are the Burruss Tower, rooftops of Burruss
Hall and Hancock Hall. All the objects have at least three Fresnel zone clearances from the LOS

path. The Burruss Hall roof was in the main lobe of both the transmitter and receiver antennas.

The geometry and picture of links L2 and L3 are presented in Figures 43, and 44. Links L2 and L3
provided 262 m obstructed and partially obstructed paths from McBryde Hall to the Johnson Stu-
dent Center, respectively. The transmitter was located on the sixth floor of McBride Hall, and the
receiver was placed on the second floor of the Johnson Student Center. The surrounding buildings
provide clearance of at least three Fresnel zones, but there are some trees between the transmitter
and receiver. Two offices from the sixth floor McBride building were used for transmitter locations.
For link L2, the LOS path is heavily obstructed by the tree leaves. For link L3, the LOS path is not
obstructed under calm weather conditions, however, it can be obstructed by the nearby tree leaves
during windy conditions. Measurements via path L2 and L3 provide insight to the relationships

between weather effects, scattering objects and radio wave propagation at 38 GHz .
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Figure 41: Geometry of the Slusher-Whittemore link: 605 m unobstructed LOS (L1). (a) top view.
(b) side view.
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Figure 42: View from transmitter on L1.
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Student Hamcook

Figure 43: Geometry of the McBryde - Student Center link: 265 m obstructed link (L2,1.3). (a)
top view. (b) side view.
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Figure 44: View from receiver on L2 and L3.
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5.3 Measurement Results

A total of 73,963 PDPs were recorded for the three cross-campus links, from which 36,338 were
collected during rain events and hail storms. An example of a PDP is presented in Figure 45. Each
PDP was processed to determine the number of multipath components above the noise threshold,
Ny p; the power of the LOS component, Prog; the power and excess delay time of each multipath
component, Pyp and 7ysp; the mean excess delay, ptimean; and RMS delay spread, o,. Statistical

results are summarized in the following sections.

FPOP during Rain, B=45.7 mm/dhr, LOZ, T-R Separation of 365 m
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Figure 45: Typical PDP under rainy conditions: May 3, 265 m unobstructed LOS link, average
rain rate of 45.72 mm /hr.



Chapter 5 Wideband Point-to-Point Radio Wave Propagation Study at 38 GHz.

109

Table 9: Summary of Multipath Occurrence and Maximum Observed Multipath (MP) Level (w.r.t.
LOS). The Maximum MP Signals Were Delayed by 10 to 30 ns from LOS.

Date | R(mm/h) | # PDPs % of PDPs with MP > AP Max MP
Threshold:AP = Pyp — Pros(dB) | -10 -12 -4 -16  -18 (dB)
L1 | 4/23 clear 190 0 0 0 0 0 <-18

0-15.2 100 0 0 0 0 0 <-18

5/1 0-39.6 60 1.7 53 67 67 67 -9.1

hail 58 1.7 1.7 1.7 1.7 6.9 -5.2

5/3 clear 10 0 0 0 0 0 <-18
0-45.7 620 0 0 0 3.7 27 -14.2

L2 | 5/27 clear 4400 0.068 0.14  0.20 1 27 -9.0
0-15.2 3000 0.83 2.4 8.6 21 28 -9.3

L3 | 5/30 clear 800 0.25 0.25 0.25 0.25 21.8 -4.5
0-15.2 8350 008 0.12 074 7.7 21 -4.75

6/2 clear 7550 0.066 0.066 0.066 0.12 0.49 -3.1
0-213.4 16850 0.17 022 081 4.7 17.6 -2.6

6/3 clear 2000 0.05 0.05 0.55 11 52 -6.9
0-45.72 4300 0.047 0.047 0.12 1.8 11 -1.4

5.3.1 Multipath Statistics.

Statistics on Multipath Occurrences.

Table 9 summarizes the multipath statistics for different rain rates, R (mm/hr), and multipath

threshold levels, Pyyp — Pros, where Prog is the power of the received LOS component and Py;p

is the power of any received multipath component.

Results from Table 9 show the following trends in millimeter-wave propagation:

e No strong multipath occurs on the unobstructed LOS link under clear weather conditions.

This is an expected result due to the highly directional antennas (See Section 5.2.1) used in

the link and the absence of scatterers near the LOS path.
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e Strong multipath components may occur under severe weather conditions even on unob-
structed LOS link, as shown in the May 1%¢ and 37 results. These multipath components

may be caused by the inhomogeneity of the media or reflection from wet surfaces.

e On obstructed links, multipath can occur under both clear and rainy conditions. The presence

of multipath on L2 and L3 was a consequence of the scattering by tree leaves.

The measured PDPs on L1 showed that changes in weather events can significantly affect the wide-
band behavior of millimeter-wave channels. Figure 46 compares measured PDPs during different
weather events. This figure shows the presence of multipath components during light rain on May
374 and heavy rain on May 15, On May 37¢, the multipath components persisted after the rain

event until the surrounding buildings dried out.

45 : ' :
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Figure 46: Comparison of PDPs: 605 m unobstructed LOS. Note: no multipath was measured
under clear conditions.

Two hypotheses may explain the presence of multipath on May 1%!. The first one is based on

inhomogeneities in the atmosphere. Multipath components that occurred right before and after
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the hailstorm may be caused by the sharp edge of the hailstorm cell, which was illuminated by the
antenna main lobe or first side lobe. In [101], de Wolf and Ligthart showed that multipath could
occur at the edges of very intense and compact rain cells. Pressure, temperature, and rain could

alter the refractivity of the atmosphere, thus creating varying propagation paths.

The second hypothesis is based on the change of the electromagnetic properties of the reflecting
building surfaces or the formation of standing water surfaces on the building roofs and walls during
rain. The rough building surfaces would diffusively scatter the incoming wave during dry conditions.
However, if the surface becomes wet or a standing water surface forms, the reflected power in the
specular direction would increase. Multipath components were observed after the rain stopped,
which seems to support this hypothesis. Also, measurements from [92] show that the reflected

power can increase as much as 15 dB when the dry concrete is soaked with water.

Statistics on Multipath Parameters

In Table 10, statistics on mean excess delay and RMS delay spread are presented both in average
and maximum for all the PDPs that contain multipath components. Also, maximum multipath
level is calculated with respect to the LOS component. Results show that, during rain, the RMS
delay spread can be as high as 9.7 ns on an unobstructed LOS path, and 15.9 ns on an obstructed
LOS path.

5.3.2 Short-term Variation.

Short-term wideband signal power variations were analyzed at constant rain rates over a two to
three minute observation time. The measured probability density functions (PDF's) of the received
signal were found to fit a Rician distribution. An example of measured and theoretical PDF is

shown in Figure 47(a).

The Rician PDF for received signal envelope is [50]
v v? + A? Av
fr(v) = —5exp {—7202 Iy (;) (5.117)

where v is signal envelop, A2/2 is the coherent power and ¢? is the incoherent power. The PDF
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Table 10: Mean Excess Delay, RMS Delay Spread and Maximum Multipath (MP) Level (w.r.t.

LOS) from PDPs Containing Multipath Components.

Link | Date | R(mm/hr) | 7 (nS) Tiaz (ns) T (ns)  Opae (ns) | Max MP(dB)
L1 5/1 40 1.7 3.1 6.4 9.7 -9.1
Hail 0.64 2.31 3.4 6.61 -5.2
5/3 0-45.7 0.5 3.5 3.5 6.1 -14.2
L2 | 5/27 clear 0.7 5 3.9 8.1 -9.0
< 15.2 1.43 9.9 7.5 15.4 -9.3
L3 | 5/30 clear 0.4 2.8 4.2 5.9 -4.5
< 15.2 0.7 9.1 5.3 15.9 -4.75
6/2 clear 0.4 3.4 4.1 7.8 -3.1
0-213 0.7 5.3 5.3 10 -2.6
6/3 clear 0.8 2.5 5.9 9.9 -6.9
0-213 0.36 4.2 3.2 9.7 -1.4

for the received power, P = V?2/2, is then given by

oy = o[ (44)

202 o2
where p is the random variable of received power.

The mean received power, p,, and standard deviation, o2

5, are given by

pp = E{p} = 0% + A?/2
E{p?} = 20" + 24%0% + A" /4

012) = E{pQ} — E2{p} =o*+ A%0?

(5.118)

(5.119)
(5.120)

(5.121)

where E{e} denotes ensemble average or time average for ergodic systems. p, and ag can be

measured from averaging the received signal power over short period. Then solving (5.119) and

(5.121) for A and o, coherent power, A?/2, and incoherent power, o2, can be estimated.

The Rician distribution can also be parameterized by total power and K factor, defined as the ratio
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a). Shor-term Variation of Received Power at a Rain Rate of 122 mm/dhr
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Figure 47: a) Received power PDF over 2-3 minute interval: June 2, 265 m partially obstructed
link, R=122 mm/hr. b) Rician K factor vs. rain rate
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of coherent to incoherent powers in dB:

A2)2 H— %%
K = 10log == = 101log (— dB (5.122)
g Hp — 4/ M;Q; - U%

As shown in (5.122), the K factor is independent from the total received power and can be estimated

from measured mean and variance of the received power.

The resulting K factors for different rain rates are presented in Figure 47(b). A minimum mean

square error (MMSE) linear fit leads to
K =16.88-0.04R dB (5.123)

As expected, the K factor (dB) is proportional (with a negative sign) to rain rate R (mm/hr), which
implies that incoherent power increases and the coherent power decreases with increasing rain rate.
The PDPs in fact show a decrease of the LOS power as the multipath power increases during rain.

A theoretical study of short-term signal variation during rain is presented in Section 5.4.

5.3.3 Rain Attenuation.

Excess rain attenuation, A(R) (dB), for a given rain rate, R, was measured as A(R) = P(0)— P(R),

where P(0) and P(R) are the measured received powers under clear condition and rain, respectively.

As shown in Figure 48, the instantaneous received signal power, P(R), displays a strong correlation
with rain rate. Excess rain attenuation was compared to the Crane model prediction [78]. As shown
in Figure 49, measured results undergo slightly higher attenuation than the prediction by the Crane
model. Using the measurement results, upper bounds were derived for rain attenuation, thereby
providing a worst case estimate for system planning purposes. The upper bounds exceed the Crane
model prediction by 2.7 dB and 5.2 dB for link L1 and L2, respectively. A simple expression relating
distance and rain rate, or a margin of error may be applied for short-haul links as compared to the

Crane model.

The measurement results give rise to upper bounds for rain attenuation. Equations (5.124) and

(5.125) provide expressions of these upper bounds for an unobstructed LOS path and a partially
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Figure 48: Received signal power during rain: June 274, 265 m partially obstructed LOS. Each
point represents a wideband power measurement taken every 0.02 s.
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Figure 49: Measured rain attenuation in excess of free space path loss and comparison to the Crane

model: a) 605 m unobstructed LOS; b) 265m partially obstructed, and obstructed links.
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obstructed LOS path.

Piﬁiopg‘bound(Ra D) = Pcrane(Rg D) + 2.7 (dB) (5]24)
P (Bs D) = Peyanc(R, D) + 5.2 (dB) (5.125)

where Pepgne is the attenuation estimate based on the Crane model, R (mm/hr) is the rain rate, and
D (m) is the path length. These upper bounds provide wireless engineers with a simple relationship
between excess path attenuation, rain rate and path length for short-haul links. The upper bound
for partial obstructed LOS path provides a worst-case attenuation estimate that accounts for both

rain and foliage.

5.3.4 Hail Attenuation.

Hail attenuation was measured during a hailstorm on link L1. The hail had a size of 0.5 to 1.5 cm
in diameter, and resulted in excess attenuation as high as 25.7 dB over the 605 meter path. The

attenuation varied by 7 dB about the mean during the two-minute hailstorm.

Received Power at 38 GHz During Rain (40 mm/our) and
Hail on 5/1/98 with T-R Seperation of 605m
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Figure 50: Hail attenuation measurements on May 1: average excess attenuation of 25.7 dB over
the 605 m path, signal variation of 7 dB .
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PDP during hailstorm (hail diameter of 0.5-1.5 cm)
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Figure 51: Typical PDP during hailstorm: average received signal power is 27.6 dB lower than the
LOS power during clear weather.

The results of the rain and hail attenuation for May 1 are shown in Figure 50. The mean value
of the received power, p, and standard deviation, s, during the rainstorm and the hailstorm were
calculated. The number of PDPs, n, is listed to highlight the statistical significance of the at-
tenuation results. Comparison with the received signal power of -47 dBm under clear conditions
shows that the hailstorm resulted in attenuation as high as 25.7 dB over the 605 m path. Also,
the signal level varied for 7 dB around the mean received signal value during the hailstorm, while
the signal variation was much less during the rain before and after the hailstorm. A typical PDP
taken during the hailstorm is presented in Figure 51. The received LOS signal power in this PDP
is only -74.6 dBm , which is 27.6 dB lower than the LOS power during clear weather.

5.3.5 Other Attenuation Measurements.

Excess attenuation through window glass was measured by comparing received power through
free space and the window glass. The attenuation of a tempered, double-pane, tinted, store front

glass, was measured to be 25.5 dB . Measurements in [70] showed that the penetration loss through
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a plain glass door was only 0.56 dB .

Attenuation of dense leaves on an oak tree in link L2 was measured on a calm, sunny day. The

average excess attenuation was found to be 17 dB .

5.4 Theoretical Study of Short-term Signal Variation During Rain

The power observed on several point-to-point links during rain fluctuated over short intervals of
two to three minutes. The measurement results are presented in Section 5.3.2. This section shows
that the fluctuations are probably due to inhomogeneities in the rain rate that move across the line

of sight during the sampling time.

5.4.1 Introduction

This theoretical study is aimed at explaining the observed ratio of incoherent power P; to coherent
power P, of a 37.5 GHz signal propagated from a transmitter over a 265 m and a 605 meter one-way
path to a receiver in the presence of rain. The received power was observed every 0.02 seconds
during a two to three minute sampling period. Its average is P. and the difference between the
instantaneous power P and P, is the incoherent component (with zero mean). The rain intensity

(in mm/hr) was measured by gathering rain drops at one intermediate location.

The observed results for 10logo(Pyms/P.) are gathered in Table 11. Several conclusions have
been reached. The variations in power appear to be due to local variations in the rain rate over
distances considerably less than the path length. These variations can drift across the line of sight
well within the sampling time, and thus cause variations in power. Statistical description of rainfall
in [110, 141] has shown that the rain rates are indeed inhomogeneous along the horizontal path.

Research for satellite-to-ground propagation also confirms this conclusion [105, 106, 142, 143].

We have rejected other hypotheses. For example, although a multipath reflection from a nearby
roof appeared to be able to yield a side-lobe component, this component would not have been
incoherent. Off-axis scattering into the receiver from rain drops also has been investigated [101]

and rejected because the contribution to P; would be too small.
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Table 11: 101ogo(Prms/Fe)

ur(mm/hr) | 7.6 7.6 | 305 | 39.6 | 45.7 | 45.7 | 122 | 213
265 m -16.8 | -15.1 -14.4 1 -12.4 | -8.2
605 m -16.6 -15.6 | -15.5

5.4.2 Signal Analysis

The received signal is well represented by an electric field vector,
E=FEpe ™ with o =v—jo (5.126)

Here, Eo is the field that would have been received in the absence of rain, ¢ is the phase change
due to the presence of rain, and ~ is the attenuation due to scattering and absorption of energy
out of the line of sight. Hence the received power is P = Pye™%" where Py = \Eo|2. We will argue
in the next section that the attenuation v can be written as the sum of a steady component 4 and

a Gaussian random part dv with zero mean. Consequently we obtain,

P.=F <e_27> = Pye™ %7 <e_2‘57> = Poe_2ﬁe2<‘572> (5.127)

The last step follows from a general property of a lognormal variable with zero mean. For the
incoherent power P; = P — P. we need to calculate a root mean square as lowest significant
statistic.

Prs = PeX07%) [edv?) — 1 (5.128)

5.4.3 Variations in Attenuation ~
The attenuation is given [144] by the real part of

2 L fe’e)
V= %/ dz / dDna(z,D)f(D, k,e) (5.129)
0 0

Here k = w,/pge€ is the wavenumber in the medium between z = 0 and z = L. It can be taken to

be the free-space value within the accuracy of this work. The dielectric permittivity of a drop is
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given by €. The particle drop-size distribution ny (given in m=*) is generally a function of position
z and drop diameter D. The function f(D,k,€) is the forward-scattering amplitude(given in m)
of a single spherical particle with effective diameter D. It may be possible to expand the analysis
to non-spherical particles but that is not essential here. We shall make one other assumption to

simplify the analysis: the particle drop-size distribution function is given by

n4(z, D) = n3(z)p(D) (5.130)

where n3(z) is the particle density in m =3 and p(D) is a probability density in m~".

Several distributions are commonly used. Among these is the Marshall-Palmer(M-P) distribution
[144] with

p(z,D) = Ae™P A = 4100u%2'm ™! (5.131)
given that u, is the overall rain rate in mm/hour, and D is given in m. The M-P connection

between density and parameter A is Anz(z) = 8.1 x 105 m~*. It follows that n3(z) is a function of

location z. As a result,

v = —F k,D,¢) / dzns(z with  F(k,D,€) = Re {/ dDp(D)f(D,k,e) (5.132)
0
Here, D is the mean particle diameter. If all particles have diameters D < A () is the wavelength),
then
F(bD,e) = ZkRre[K]D®*  with K = L0—L (5.133)
) T efeg+2 '

At 37.5 GHz, the wavelength A &~ 8 mm, and the parameter kD /2 is determined by the ratio of D
to A\/m, i.e. by the ratio of D to 2.5 mm. The mean rain drop diameter D is described , at least
for a Marshall-Palmer drop-size distribution [144] by

D ~1/4.1u% (5.134)

where D is in mm and u, is in mm/hr. The Rayleigh approximation requires this ratio to be small,
but this is not the case for larger values of the rain rate u,. Equation (5.132) is the basis for our

analysis. The key issue here is the appearance of a path integral over particle density.

Figure 52 illustrates the situation as we hypothesize it to be. The contours are those of the average
density n3. Possibly, higher densities are inside, lower ones outside. The arrows indicate wind

direction.
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Figure 52: Patches of rain across the LOS Figure 53: General form C(z)
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Thus n3(z) = n3 + d0n3(z) which defines the fluctuation of the density around the average, ons(z).
Consequently,
_ L
5y = F(k,D,e) / d=6n3() (5.135)
0

can be considered to be a Gaussian variable with zero mean, due to the central-limit theorem of
statistics (if there are a sufficient number of small fluctuation cells crossing the line of sight at any

time). Thus,
L L
(642) = F2(k, D, ¢) /0 dz /0 dzo(5n3(21)5n3(22)) (5.136)

Under the assumption of isotropy and of a slowly-varying variance, we may set
(6n3(21)0n3(22)) = (6n3(2))C (|21 — 22]) (5.137)
in which C(z) has the general form shown in Fig. 53.

A crucial property of this normalized correlation function is [7° dzC(z) = and we shall make the
reasonable assumption that [ is considerably smaller than L. In fact, [ is basically a statistical

measure of a diameter of a fluctuation dng(z).

Under the reasonable assumption that [ < L (just how much ?smaller? is somewhat uncertain),

we can write,
L L L 00
/ dz / dzo (6m3(21 )63 (22)) ~ / dz1 (6n2(1)) / dAC(|A2)) ~ 2LU6n2)  (5.138)
0 0 0 —0

Consequently we obtain,

(67%) = F%(k, D, €)2L1{6n3) (5.139)
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If this is compared to the average of (5.134) which yields we obtain,

(5'7)rms 21 (5n3)rms

=4 = 14
y L ns3 (5 0)
5.4.4 Signal Analysis (Contd.)
Returning to (5.128) we note that
1010g;(Prms/P;) = 8.686(67%) + 101ogy o[V et07*) 1] (5.141)

Under the assumption that (6y?) is a quantity sufficiently small so that the exponential in (5.141)

can be expanded into only its first two terms, we obtain
1010g0(Prms/P;) = 8.686(672) + 3.01 + 5log;,[(67%)] (5.142)

To estimate this, we utilize (5.140) to rewrite ( 5.142) as

1010g,o(Prms/P;) = 8.686(572) + 3.01 + 101log,q 7 + 5logyg { %M} (5.143)
ns

From Olsen, et al. [99], we find 8.6867 ~ 0.156u, for 37.5 GHz, L = 0.6 km and temperature
between 0° and 20° C, which, when inserted into (5.143) yields

2
1010g10(Prms/P;) & —14.5 + 10logyo[us] + 5logyg [%l <5§3>
3

] 1 8.686(0v?) (5.144)

Let us now estimate the magnitude of (§72) from (5.140) and the Rayleigh (D < \) expression
5= 37”161_)31(}[/713. Some typical numbers are k ~ 795 m~!, L ~ 600 m, K, ~ 0.9, 7z ~ 2000 m~3,
D < 0.001 m, which yields 4% ~ 16. Equation (5.140) states that this value must be multiplied
by the factor (20/L)[(013)rms/m3]%. The factor 2I/L is probably not very small (which renders
application of the central-limit theorem in (5.135) somewhat dubious) but the factor [(673)pms/n3]?

is very likely to be small. So it is not at all improbable that we may neglect the last term in (5.144).
Under the assumption that /20/L[(6n3);ms/73] =~ 0.04 we reduce (22) to
101logo(Prms/Pi) = —28.5 + 101og;o[u,] (5.145)

The last term of (5.144) would be close to 0.22, which is indeed negligible. Equation (5.145) is
plotted in Fig. 54.
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Figure 54: 10log;o(Prms/FPe) as function of rain rate

Note that the choice of a constant value for \/2I/L[(613)rms /73] yields a curve with a slope that ap-
pears to fit the data if the constant is chosen correctly. The rationale for choosing \/21/L[(613)rms /T3] ~
0.04 is that this choice appears to give a curve that fits the data. One can only say, in the absence
of measurements of (0n3)rms and of [ that the value 0.04 is consistent with realistic possibilities.
This relatively small value at least indicates that the presence even of relatively small fluctuations
of dng suffices to yield a P,,,s consistent with the observations. Research for groud-to-satellite com-
munications has shown variation of rain rate along the horizontal paths [105, 143], which supports
the theory. Unfortunately, no detailed rain rate measurements were taken in this measurement

campaign that might confirm this possibility quantitatively.

5.5 Summary

This chapter presents a measurement campaign that investigated weather effects on multipath
dispersion and signal variation at millimeter-wave frequencies. Wideband measurement campaign
was performed at 38 GHz on three point-to-point links, including a 605 m unobstructed LOS link, a
265 m obstructed link and a 265 m partially obstructed link. A total of 73,963 PDPs were recorded
under clear, rain and hail conditions. These results provide quantitative channel information for

millimeter-wave communication system design and system installation.
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Wideband measurement results indicate that time dispersion characteristics of the channel may
change during different weather events. Multipath statistics shows that while very few multipath
components were detected in clear, dry weather, more multipath components were detected during
rain. Due to the high bandwidth requirements for future LMDS and NGI systems, slight multipath
delay dispersion may result in intersymbol interference. The multipath dispersion results from this
measurement campaign, summarized in Tables 9 and 10, provide important statistics for the design
of equalizers or rake receivers, as well as for the selection of optimum data rate and modulation

techniques.

Weather effects on received signal power were analyzed in terms of mean attenuation and short-
term variation. Excess rain attenuation is measured from light rain to extremely heavy rain. Upper
bounds of the mean attenuation were provided based on a modified Crane model in (5.124) and
(5.125) for both unobstructed and partially obstructed LOS links as functions of rain rate and path
length. These upper bounds allow radio engineers to determine the additional fade margin necessary

for the reliable operation of wideband communication systems at millimeter-wave frequencies.

PDPs were recorded at a rate of 50 PDPs per second, which allowed us to analyze the short-term
signal variation at constant rain rate over a 1-2 minute interval. Results show that received signal
variation during rain follows a Rician distribution. The relationship between Rician K factor and
rain rate as given in (5.123) shows increased scattered power at high rain rates. At any rain rate, the
short-term variation of signal power can be modeled based on the K factor, estimate from (5.123),
and the average received power, estimated from the average rain attenuation models and the link
budget. This signal variation model can be used for AGC design or system outage probability

estimates.

Measurement results show that rain, hail, glass and foliage may cause high attenuation to the
millimeter-wave signal. For example, averaged attenuation due to hail was as much as 25.7 dB
over the 605 m path. These results must be taken into account in link budget and system coverage

estimation.

A theoretical study of the signal variation during rain is also presented. The theory is based on
the fundamental principles of wave propagation through random media of scatters. The results

show that the ununiform distribution of rain drop density along the propagation path can result in
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the signal fluctuation. The estimated values of K factor agrees well with the measurement results.
However, the theory finds the signal statistics to be governed by a lognormal distribution. Further

measurements are required to verify the theoretical hypothesis.

The wideband measurement results provide great insight into millimeter-system design and instal-
lation. High signal attenuation can result from rain, hail, and vegetation. Foliage, smooth reflecting
surfaces, and flat surfaces (on which a standing water surface may form during rain) may cause
multipath, especially under severe weather conditions. This multipath delay spread is a limiting
factor for the mazimum data rate in the millimeter-systems. Based on the measurement results,
a novel design technique is developed that predicts the worst-case channel multipath dispersion

under any weather conditions. This model is presented in Chapter 6.



Chapter 6

A Novel Prediction Technique for
Wideband Point-to-Point /Multipoint

Millimeter-wave Channel

Channel time dispersion is a limiting factor to maximum data rate and reliable operation of
millimeter-wave systems. As shown in Chapter 5, time dispersion in millimeter-wave point-to-point
systems may be caused by objects near the LOS path, and is subject to change during different

weather conditions.

This chapter presents a novel prediction technique that estimates worst-case multipath channel
characteristics for fixed point-to-point systems under any weather conditions. This technique ap-
plies canonical antenna patterns and site specific information to estimate wideband channel char-
acteristics including relative power, TOA and AOA of each multipath component. New metrics,
which we call the excess delay zome and relative power zone, are defined and contour plots are
developed to determine potential reflectors from an area site map. This approach greatly simplifies
site planning of emerging LMDS and other millimeter-wave systems, and incorporates worst-case

scattering during rain [39, 40].

127
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6.1 Introduction

Today’s microwave links typically span 1-60 km [75]. These links use very tall antenna towers and
rely on free space propagation. For microwave links, main radio wave propagation considerations
are LOS path clearance, earth curvature, refraction index change of the atmosphere, and ground
reflection [24, 25]. Fresnel zone clearance is the primary criterion to avoid diffraction loss. Multi-
path fading caused by refraction index change in the atmosphere is modeled in [4, 74]. However,
these models were developed for clear-path long-haul links and are not appropriate or sufficient for

millimeter-wave links, where buildings or foliage are nearby.

Millimeter-wave links have shorter length (less than several kilometers) and support higher data
rates than their microwave counterparts, and may be deployed in both rural and urban areas where
buildings are in close proximity. For LMDS systems, highly directional antennas are used only at
the receiver, and a sector antenna, with a broader antenna pattern, is used at the transmitter.
Wideband measurement results from [10, 37, 39] show multipath in short millimeter-wave links.
These multipath components are caused by the foliage or building surfaces near the LOS path.
Furthermore, millimeter-wave links are extremely sensitive to weather events such as rain and hail
[39, 75, 78]. Precipitation induces fading and additional dispersion in the channel as moisture and

standing pools of water change the reflective properties of the scatterers in the environments [39].

Ray tracing is one of the most widely used techniques to provide site-specific predictions [145,
146, 147, 148]. It has been used to predict wideband channel response at millimeter frequencies
[10, 117, 149]. However, accurate prediction of a millimeter-wave channel requires detailed three
dimensional site information. When such detailed information is not available, millimeter-wave ray

tracing provides only qualitative predictions of the channel [117, 149].

This chapter presents a new technique for wideband channel characterization that employs knowl-
edge of the antenna directivity and millimeter-wave propagation features. Contour plots are de-
veloped to estimate received power and arrival time of potential multipath components from a site
map of a millimeter-wave system. The presented design principles provide new clearance criteria for
the deployment of millimeter-wave links that minimize channel dispersion and maximize network

throughput.
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6.2 3D Geometry of a Point-to-Point Link

A 3D geometrical model of a point-to-point millimeter-wave link is presented in Figure 55, where

the line-of-sight (LLOS) path length is D, and a scatterer is located at (xo, yo, 20)-

Z
dl = J(XD +Df{2)2 +y02 +202 Scatter
(X, Yy Zy)
d, :\/(xn—J[);’2)2+;vnz+zu2 oo
! y
\&
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Figure 55: Geometry of a point-to-point link with an arbitrary scatter in 3D.

The scatterer may be a building wall, a rooftop, ground, or any object that has a large reflecting
surface relative to the wavelength, which is on the order of millimeters for LMDS (at 38 GHz , for
example, the wavelength is only 7.9 mm). Part of the incident wave from the transmitter antenna
is reflected/scattered by the object to the receiver antenna. If the power of this reflected wave is
significant with respect to the LOS component, this multipath component introduces dispersion
into the channel. In a fixed point-to-point millimeter-wave channel, the power of the multipath
component depends on the location of the object, the reflection loss, and the antenna patterns.
The arrival time of the multipath component depends only on the location of the object and the

link length. (Small propagation delays due to refractive index variations are negligible for typical
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short millimeter-wave links.)

Instead of calculating power and delay of a multipath component caused by a scatterer in a given
location, a more general approach uses new concepts of the relative power zone and the excess delay
zone. We define a relative power zone as the region where a strong reflector may cause a multipath
component with a certain power level relative to the LOS signal. We define an excess delay zone
as the region where a strong reflector may cause a multipath component with a certain delay time

with respect to the LOS signal.

6.3 Relative Power Zone

When highly directional antennas are used, the power of EM waves is mainly concentrated in
the direction of the antenna mainlobes. Specifically, when transmitter and receiver antennas are
aligned, the transmitted power is concentrated in the region along the LOS path. Strong multipath
components can be result only from the scatterers near the LOS path. Relative power zone is a
metric to quantitatively describe the energy concentration of the EM waves, and identify the region

where strong reflectors would result in strong multipath components.

The relative power zone takes into account antenna gains, free space path loss and reflection/scattering
loss. The canonical antennas used to demonstrate the power zone and delay zone are presented in

the Appendix C.

The power of the wave reflected by the scatterer is dependent on polarization, angle of incidence,
dielectric properties and surface roughness [5]. When highly directional antennas are used, strong
multipath components are caused only by scatterers close to the LOS path. When the angle between
the incident wave and the reflecting surface is very small (i.e. at grazing angle), the effect of the
surface roughness is negligible, and the reflection coefficient has an amplitude close to 1 [5, 125].
At different incident angles, as shown in Section 5.3.1, the surface appears more reflective when
it becomes wet. For a worst case scenario, which is appropriate for equalizer design specification,
each scatterer is assumed to be a perfect reflector with a reflection coefficient of 1. This worst-
case assumption assures a design methodology that applies in a general way with little detailed

information about scatterer material or surface roughness. Practical reflection coefficients can then
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be taken into account based on this worst-case model (see Section 6.6). A similar approach was

also used in [150] to model street-level propagation at 55 GHz .

Under the assumption that the scatterer is a large perfect reflector, the relative received power,

APy p, of each multipath component is computed as follows
APyp = Gi(¢,0) + Gr(¢r,0r) — [PL(d1 + d2) — PL(D)] (dB) (6.146)

where d; and dy are the distances from the reflector to the transmitter and the receiver, G; and
G, are normalized antenna power patterns for transmitter and receiver, [PL(dy + d2) — PL(D)]
accounts for the excess free space path loss associated with the path length difference between the
reflected path (d; + d2) and LOS path (D), and ¢y, 0y, ¢, 0, are shown in Figure 55. Given a link
length D and the location of the reflector (zg, o, 20), all the other parameters can be determined

using the geometry shown in Figure 55.

For a certain relative power level APy p, the relative power zone is given by (6.146). The resulting
relative power zones for the canonical antennas — a horn and a dish — are presented in Figure 56,

where the contours represent the power zone boundaries.

For example, -5 dB reflection zone boundary shows the region along the LOS path, where a perfect

reflector would result in a multipath with -5 dB power relative to the LOS component.

6.4 Excess Delay Zone

In a multipath channel, arrival time of each multipath wave is determined by the actual path length
and the speed that the wave travels (speed of light in free space). Therefore, excess delay time of

the multipath component can be determined based on the geometry and site information as follows
™mp = (di +dy — D)/c (s) (6.147)

where di and dy are the distances from the reflector to the transmitter and the receiver, D is link

length, c is the speed of light.

For a specified excess delay, 7p7p, the boundary of the excess delay zone forms an ellipsoid. The
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Figure 56: The relative power contour plot in azimuth for horn and parabolic antennas, for any D,
(all contour units in dB relative to LOS power).

closed form equation for the ellipsoid is

U Lo —1 (6.148)
K?/4  K2/4—D%/4  K}/A—D?2/4 ‘

where Ky = D + ¢ X Tjyp is a constant. It can be shown that the ratio of x and y axes of the
ellipse changes with distance D and is given by K;/\/K? — D2. An example of the excess delay
zones is depicted in Figure 57 for a path length of 1000 m. The contours represent excess delay

zone boundaries.
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Excess Delay Zones with Separation D=1000 m (Azimuth).
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Figure 57: The excess delay contour plot in azimuth for D=1000 m (all contour units in ns).

6.5 Application Examples

6.5.1 Estimate Worst Case Multipath Based on a Site Map

The excess delay contour plot and the relative power contour plot provide a novel technique to iden-
tify worst case multipath characteristics for any millimeter-wave point-to-point/multipoint system
deployment. By overlaying the plots onto a site map and identifying potential scatterers, engineers

can quickly estimate the delay and power of possible multipath components.

Figure 58 presents an example site map. A building with a flat surface is located on the 10 ns
contour line of the excess delay zone plot and the -20 dB contour line of the relative power zone plot,
then the worst-case estimate of the multipath power and arrival time from this scatterer are -20 dB
and 10 ns relative to LOS, assuming no scattering loss. If this is the only significant scatterer, the
worst-case mean excess delay and RMS delay spread for this case are 0.1 ns and 0.99 ns, respectively.

Angles of arrival, 6, and ¢,., are calculated based on geometry from the contour plots.
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Figure 58: Example of application of power zone and delay zone on site map.

6.5.2 Clearance Criterion for Given Multipath Requirements

Identical to Fresnel zone clearance, the excess delay zone and relative power zone boundaries to the
LOS path can be used as a deployment guideline. We define the maximum distance of a power (or
delay) zone, y,:** (or y7:*%), as the maximum distance from a power (or delay) zone boundary to
the LOS path. These maximum distances are similar to the maximum Fresnel zone radii and can
be determined analytically from link length, D, expected delay, 7ps;p, and expected power, APyp.

T

From (6.148), the maximum distance of an excess delay zone, y}**, is given by

Yo = \/(K? — D)/4=/[(D + rypC)? — D?/4  (m) (6.149)

where Tjp is in seconds, and D is in meters. Table 12 shows maximum excess delay zone distance

for typical D and ma/p.
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Table 12: Maximum Distances of Excess Delay Zone for Horn and Parabolic Antennas.

D Maximum Excess Delay Zone Distances (m)
Tvp | 10ns | 20 ns | 30 ns | 40 ns 50 ns
500 m | 27.4 | 38.8 | 47.6 | 55.1 61.7
1km | 38.8 | 54.9 | 67.2 | 77.7 86.9
2km | 54.8 | 77.5 | 95.0 | 109.7 122.7
3km | 67.1 | 949 | 116.3 | 134.3 150.2
4km | 77.5 | 109.6 | 134.2 | 155.0 173.4
5km | 86.6 | 122.5 | 150.1 | 173.3 193.8

Table 13: Maximum Distances of Relative Power Zone for Horn and Parabolic Antennas.

D Maximum Relative Power Zone Distances (m)
APyp | 5dB | 10dB | 20 dB | 30 dB 35 dB
500 m 7 10 19 35 46

1km | 145 | 19.5 38.5 70 92
2km 29 39 7 140 185
5km 72 96 192 352 461

The maximum distance of a relative power zone, y;2**, is evaluated using (6.146). As shown in
Table 13, y,2** is approximately proportional to D. This is expected. When directive antennas
are used for short-hop links, most of the energy is concentrated near the LOS path. Therefore,
in (6.146), term (PL(dy + d2) — PL(D)) is relatively small and relative power zones are mainly

determined by the antenna patterns. The exact relationship between y”%* and APy p can be

pz
expressed in terms of Bessel function and sinc function from (C.183) and (C.184). However,
a simple relationship can be achieved by applying a polynomial fit to the exact solutions from

Table 13. This results in the following

D
yp" = 555 (0.07APf p — 0.195A Py p +12.6) (m) (6.150)

where D is in meters, and APysp is in dB.
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Equations (6.149) and (6.150) relate the required multipath delay and power with maximum clear-
ance distances. For instance, if a system requires no multipath within 10 ns of delay and -20 dB
of power relative to LOS component, then 37" is 38.8 m from (6.149), and Yps' " is 36.7 m from
(6.150). Then a clearance distance of 38.8 m (i.e. no scatterer within 38.8 m) from LOS would be

desirable to achieve required system performance.

6.6 Comments Regarding the Model

A two dimensional geometrical model has been reported in [55, 151] to predict power, delay and
AOA for the omnidirectional antennas. The model developed in this work is a more generalized

three dimensional model, that takes into account any combination of directional antenna patterns.

Figure 56 is developed using canonical antennas for any link length and Figure 57 is generated for
a link length of 1000 m for any antenna type. Using (6.146) and (6.148), one can easily develop
plots for any link length and any type of antenna.

The excess delay zones and relative power zones are spatial fields in three dimensions. Due to
its radial symmetry about LOS path, the excess delay zone can be applied to any point in three
dimensional space. However, since the antenna patterns are generally not radially symmetric, the
relative power zone in azimuth and elevation planes are different. Therefore, one should also develop
relative power contour plots for the elevation plane. For any given point in the space, it is possible
to find the projections onto these orthogonal planes. Then, the power of the received multipath

component is approximated by the sum of powers (in dB) in each plane.

The relative power zone and excess delay zone have interesting relationships with Fresnel zones.
Fresnel zones represent successive regions where a path length from the transmitter to the receiver
is nA/2 greater than the LOS path [14], where A is the wavelength. In fact, the excess delay zone
can be viewed as a macro-Fresnel zone, where the distance between two successive zone boundaries
gives rise to a particular propagation delay. A 1 ns delay corresponds to 0.3 m path difference, or
38 wavelengths at 38 GHz . Therefore, the excess delay zone boundaries are much larger than the
Fresnel zone boundaries. For the specified antennas and a path length of 1000 m, the maximum

distances of 10 ns delay zone and -20 dB power zone are approximately the same as the 760"
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Fresnel zone radius. Fresnel zones are used to describe diffraction loss, while power zone and delay

zone are used to estimate power and delay of potential reflected multipath components.

The model is developed for the case where the reflection coefficient is one. Realistic reflection
coefficients can be measured or estimated using site-specific information. If the reflection coefficient
I' is known, then the reflection loss is given by Ly¢fiect = 101ogyg \F\Q. This loss can be added to the
model by simply adjusting the power levels of the relative power zones in Figure 56 by the value

of Lreflect-

Finally, the model assumes that each multipath component is the result of a single reflection. Ray
tracing can be applied to account for higher orders of reflection. Based on the system requirements,
the contour plots may be used to define the environment necessary for more involved ray tracing

techniques [149].

6.7 Summary

This chapter presents a novel design technique to estimate wideband channel characteristics in
millimeter-wave point-to-point /multipoint communications systems. Relative power zones and ex-
cess delay zones are defined to predict multipath power and arrival time. Relative power zone
describes the power concentration of the EM waves due to the directional antenna patterns, and
identifies the region where a perfect reflector would give rise to a strong multipath component.
Excess delay zone describes the direct relationship between path length and multipath arrival time.
It identifies the region where a perfect reflector would give rise to a multipath component with a

certain delay.

Based on these definitions, contour plots are developed to identify the excess delay zone and relative
power zone boundaries. Similar to Fresnel zone clearance, new clearance criteria are developed to

achieve system requirements on power and delay of multipath components.

Since these contour plots and zone boundaries are dependent only on the antenna patterns and
the link length, they may be applied to any site. By overlaying the contour plots on the site map,

application engineers can quickly determine potential reflectors. The power and delay zones and
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their contour plots provide practical guidelines for millimeter-wave system design and deployment.



Chapter 7

Spatial and Temporal Characteristics

of 60 GHz Indoor Channels

This chapter presents wideband measurement results and models for 60 GHz channels. Multipath
components were resolved in time by using a sliding correlator with 10 ns resolution, and in space
by sweeping a directional antenna with 7° half power beamwidth around the azimuth. Power
delay profiles (PDPs) and power angle profiles (PAPs) were measured in various indoor and short-
range outdoor environments. Detailed multipath structure was retrieved from PDPs and PAPs,
and compared with site-specific environments. Results show an excellent correlation between the
propagation environments and the multipath channel structures. The measurement results confirm
that the majority of the multipath components can be determined from image based ray tracing
techniques for LOS applications. For NLOS propagation through walls, the structure of composite
walls must be considered for propagation prediction. From the recorded PDPs and PAPs, re-
ceived signal power and statistical parameters of angle-of-arrival (AOA) and time-of-arrival (TOA)
were also calculated. These parameters accurately describe the spatial and temporal properties of
millimeter-wave channels, and can be used as practical values for broadband wireless system design

over 60 GHz short-range channels.
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7.1 Introduction

Advanced wireless systems explore dimensions of time, frequency and space to maximize the data
rate and system capacity. Design of space-time coding, equalization, adaptive antenna, and rake
receiver techniques relies on accurate characterization of the propagation channel. Classical channel
models were developed for narrowband microwave systems with omnidirectional antennas [47, 48].
For millimeter-wave wireless systems with high data rates and directional antennas, small-scale
fading is much more difficult to characterize than for omni-narrowband systems. Efficient design
of these systems depends on detailed knowledge of the multipath structure of the channel, and

narrowband channel models are no longer sufficient.

The research work presented in this chapter focuses on characterization of 60 GHz channels both in
space and time delay. The 60 GHz spectrum is proposed for future-generation broadband wireless
systems in indoor and short-range outdoor environments, where the radio wave channel varies
significantly from location to location. In practice, site-specific prediction techniques, such as ray
tracing, are used to model millimeter-wave channels [149]. However, little literature is available
to carefully verify the ray-tracing model with high-resolution measurements, or to provide detailed

AOA and TOA parameters for the 60 GHz channels.
The goal of this research is threefold:

e Accurately measure the channel multipath structure by separating multipath components by

AOA and TOA;

e Determine the origin of multipath by relating multipath AOA and TOA to site-specific infor-

mation; and

e Provide empirical values of statistical parameters of AOA and TOA for various propagation

environments.

Section 7.2 presents the measurement setup. Section 7.3 relates the measured channel images
to the propagation environments. Finally, Section 7.4 summarizes the measured AOA and TOA

parameters.
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7.2 Measurement Setup

7.2.1 Methods to Separate Multipath Components

Multipath components can be separated either by their AOA or TOA. The resulting channel char-
acteristics can be recorded as a power delay profile (PDP) or a power angle profile (PAP). A PDP
records temporal power distribution relative to multipath TOA, and a PAP records spatial power
distribution relative to multipath AOA. Wideband measurement techniques, such as vector net-
work analyzer or sliding correlator, are used to resolve multipath by their delay times. However,
all measurement systems have limited time resolution. Even with the 10 ns resolution used in this
measurement campaign, the received signal pulse may still contain several multipath components
and fade in a small local area. One method for increasing multipath resolution is to use directional
antennas at the receiver to separate multipath components, provided they arrive from different

directions.

Angular separation of multipath components can be achieved by using direction-finding antenna
arrays [152], synthetic aperture radar techniques [153, 154, 155], or highly directional antennas
[11, 130]. In antenna array systems, multiple antennas are used at the receiver. Signals received at
the array elements are weighted and combined to attenuate received signals arriving from outside
the desired direction. This technique allows fast measurements of the channel, but is prone to
mutual coupling among antenna elements. Synthetic aperture radar techniques eliminate mutual
coupling by using only one antenna that moves into different locations of the array. It produces
results similar to an antenna array, provided all measurements are taken within the channel’s
coherence time. Electronic beam forming techniques, such as direction-finding antenna arrays,
require accurate phase measurements and elaborate processing. PAPs can also be measured by
mechanically rotating a highly directional antenna. The advantage is that it does not require phase
information. At low frequencies, highly directional antennas have large dimensions and present
difficulty in mechanical steering. However, at millimeter wave frequencies, miniaturized directional

antennas can be easily implemented.
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Figure 59: Automated track system [9].
7.2.2 Measurement Procedure

In this measurement campaign, a mechanically steered directional antenna was used to resolve
multipath. An automated system was used to precisely position the receiver antenna along a lin-
ear track, and then rotate the antenna in the azimuthal direction. The track system is shown in
Figure 59. The precisions of the track position and spin position are better than 1 mm and 19,
respectively [9]. When a highly directional antenna is used, this system provides high spatial reso-
lution to resolve multipath components with different AOAs. The sliding correlator technique was
used to further resolve multipath components with the same AOA by their TOAs. The spread spec-
trum signal had a RF bandwidth of 200 MHz , which provided a time resolution of approximately
10 ns .

To represent different propagation environments, the measurements were taken in various locations
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Figure 60: Track and spin measurement procedure.

(Site information is described in Section 7.2.4). At each location, both track measurements and

spin measurements were performed as shown in Figure 60.

e Track measurements: During a track measurement, the transmitter and receiver antennas are
aligned, and the receiver is moved along the track parallel to the LOS path. PDPs are taken
at 80 positions along the track with a separation of a quarter wavelength. This allows a spatial
sampling rate of 4 samples per wavelength along the track with a length of 20 wavelengths.
The purpose of the track measurement is to study the range of small-scale signal variations
and TOA statistics for typical indoor applications, where transmitter and receiver antennas

are fixed and aligned.

e Spin measurements: During a spin measurement, the receiver is moved along the linear
track to 4 different positions. The spatial separation between two successive positions is 5
wavelengths. At each position, the receiver antenna is rotated in azimuth from 0° to 360°
with a step of 5°, and PDPs are recorded at each of the 72 angular steps. Then, a local

average is calculated from the measurement results at 4 different positions. The local average
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helps to remove any residual small-scale or time-varying fading that may occur at individual
positions. The averaged PDPs and PAPs are processed to obtain the AOA and TOA statistics
of the channel. Definitions of the statistical parameters are presented in Section 7.4, and the
measurement results are presented in Section 7.4.2. The purpose of the spin measurement is
to obtain the complete spatial-temporal characteristics of the channel. The general results
provide deep understanding of the wave propagation in a local area. The measured results can
also be applied to verification of ray tracing channel estimation, position location algorithms,

and development of fixed as well as mobile wireless applications.

7.2.3 Antenna Patterns

For this measurement campaign, an open-ended waveguide with 90° half-power-beamwidth (HPBW)
and 6.7 dB gain was used as the transmitter antenna, and a horn antenna with 7° HPBW and 29 dB
gain was used as the receiver antenna. These antennas were chosen to emulate typical antenna sys-
tems that are proposed for millimeter-wave indoor applications, where a sector antenna is used at
the transmitter and highly directional antenna is used at the receiver. The antenna patterns were
measured by performing the spin measurements in an open area in the parking lot. The antenna
pattern was generated by sweeping the antenna under test and plotting the peak received power at

each pointing angle. The measured antenna patterns are presented in Figure 61.

7.2.4 Site Description

A total of 33 spin and track measurements in 8 different locations were measured at the Virginia

Tech campus. The site information is summarized in the maps and photos in Appendix D.

Locations 1 and 2 represent typical hallways. Location 1 was in the hallway on the fourth floor of
New Engineering Building (NEB). NEB is a four-story concrete building, which was built in 1997.
The hallway dimensions are 102 x 2.1 x 4.3 m (In this section, all the dimensions are given in the
order of length, width and height). Location 2 was in the hallway on the second floor of Whittemore
hall. The hallway dimensions are 54.7 x 2.9 x 4.3 m. For both locations, the transmitter was fixed

at one end of the hallway. Several receiver positions were chosen at separations ranging from 5 m
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Figure 61: Receiver and transmitter antenna patterns used in the measurement campaign.

to 60 m from the transmitter. All receiver positions had LOS to the transmitter.

Locations 3 and 4 represent small to medium-sized rooms. Location 3 was in a conference room on
the fourth floor of NEB. The dimensions of the room are 6.7 X 5.9 x 4.3 m. The transmitter was
fixed in one corner of the room. The receiver was placed in two different positions: in the opposite
corner of the room and the center of the room. Location 4 was in a classroom in Whittemore Hall
with dimensions of 8.4 x 7.1 x 4.3 m. The transmitter was fixed in one corner of the room. The

receiver was placed in four different positions: the center and the other three corners of the room.

Locations 5 and 6 were chosen to study NLOS propagation from a hallway to a room, and from
a room to an adjacent room, respectively. In location 5, the receiver was in a laboratory with
dimensions of 11.7 x 5.1 x 4.3 m. The transmitter was placed in the hallway. Two different
positions were measured. In one position, the transmitter and receiver antennas were separated by a
composite wall with metallic studs inside. In the other position, the antennas were separated by the
glass door. In location 6, the transmitter and receiver were placed in two adjacent rooms separated
by a composite wall with metallic studs inside. The dimensions of the rooms are 11.7 x 5.1 x 4.3

m and 5.1 X 4.3 X 4.2 m. The metallic studs are separated by 40 cm (16 in).

Locations 7 and 8 were outdoor locations. Location 7 was in a parking lot with no cars. The
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only possible scatterers were the lamp posts. This location was selected to perform free-space
calibration and antenna pattern measurements. Location 8 was near the exterior stone wall of NEB.
The transmitter and receiver were placed along the wall with a separation of 2 m to 5 m between
the antennas. Both antennas were 3.5 m from the wall. The simple propagation environments of

locations 7 and 8 were chosen to verify the system performance.

The main rational of choosing these eight locations was to provide a variety of different propagation
scenarios for the measurements, and also provide controllable environments for analysis and site-

specific channel modeling.

7.3 Relating Multipath Structure to Propagation Environments

7.3.1 Power Angle Profiles

This section investigates the correlation between the propagation environments and the multipath
AOA. Measured PAPs are imported into the site-map to identify the origin of each multipath

component.

Examples of the PAP results are shown in Figure 62 for propagation within a room, in Figure 63

for propagation in a hallway, and in Figure 64 for propagation into rooms.

The PAPs exhibit strong correlation with the propagation environments. The following observations

were made from the recorded PAPs:

e Propagation within a room: As shown in Figure 62, when the LOS path exists, the maximum
multipath component is always from the LOS direction. The value of the maximum multipath
power is given as P in dBm in the legend. Powers of the other small multipath components
are given in dB in the figure relative to the maximum power. LOS and the first-order reflected
waves contribute the majority of the multipath components (the order of reflection is referring
to the number of reflections that a multipath component goes through before it reaches the
receiver). In the center location 4.2, there are only three strong multipath components: one

is the LOS component, the other two are first-order reflected waves from the sidewalls. The
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Propagation within a room, L=8.4m, W=7m, H=4.3m
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Figure 62: AOA measurements for propagation within a room (location 4), relative power levels
given in polar plots and peak multipath power (P) given in text. Rays are shown only for locations
4.2 and 4.4 in the figure, similar procedure can be performed for all the locations.
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Figure 63: AOA measurements for propagation along a hallway (location 2), relative power levels

given in polar plots and peak multipath power (P) given in text.
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Figure 64: AOA measurements for propagation into rooms (locations 5 and 6), relative power levels

given in polar plots and peak multipath power (P) given in text.
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reflected wave from “wall 2”7 is 19 dB below the LOS component. The blackboard appears
to be a strong reflector. The reflected wave from the blackboard is only 8 dB below the LOS
path. There are more multipath components in the corner locations of the room. In location
4.4, the multipath components consists of LOS component, first-order reflected waves from
“wall 2”7 and the blackboard, and the second-order reflected wave from “wall 2” and the
blackboard. Similar analysis can be performed for locations 4.1 and 4.3. At location 4.1, the
strong reflection of the blackboard resulted in a multipath component with comparable power

with the LOS component.

Propagation in a hallway: Figure 63 shows the measurement results of location 2 in the
hallway. For all the measurement positions, the strongest multipath component came from
the LOS direction. For location 2.1, the main multipath components are LOS and the reflected
waves from the sidewalls. Location 2.2 is near the intersection of two hallways. The LOS
component and reflected waves from sidewalls are still strong, but became more diffusive. A
strong multipath component came from the corner of room 257. As shown in locations 2.3,
2.4 and 2.5, when the separation further increases, the reflections from the sidewalls became
insignificant. The reflection from the other end of the hallway became stronger. Results from

location 2.5 clearly show the LOS and the reflected wave components.

Propagation through walls: Figure 64 shows the measurement results for NLOS propagation
into rooms. In both locations, the radio wave propagates through a composite wall with metal-
lic studs. Results indicate that the metallic studs have strong impact on the millimeter-wave
propagation. In location 5, the metallic studs do not obstruct the LOS path. Measurement
results show that the penetration loss is 9 dB through the wall between the room and the
hallway. The strongest multipath component is still from the transmitter direction. Other
major multipath components are reflected waves from the metallic bookshelves. The multi-
path energy seems to be more diffuse in their AOAs in this NLOS case as compared to the
LOS propagation within a room (Figure 62). Reflections/scattering of the radio wave from

the studs also contribute to the multipath components.

In location 6, the metallic stud obstructs the LOS path, and the measurement results show

that the penetration loss through the wall and the blackboard is as high as 35.5 dB. Since
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the LOS path was highly attenuated, the maximum multipath power came from the reflected
path through two glass doors. Other strong multipath components might came from the

reflection /scattering from the metallic plotter or the studs.

These measurement results clearly demonstrate a strong correlation between the propagation en-
vironments and the multipath channel structure. The following general conclusions can be made

from all the measurement results:

e For LOS applications, free space propagation and reflection are the dominant propagation
mechanisms. When there are no strong reflectors in the propagation environment, the re-
flected multipath components are at least 10 dB below the LOS component. LOS component
and first-order reflected waves contribute majority of the received signal power. Strong mul-
tipath components can result from strong reflectors, such as metallic furniture. When strong
reflectors are present, the reflected wave can be comparable to the LOS component. Image-
based ray tracing (such as the one presented in [156]) can be used to estimate the channel
multipath structure at millimeter-wave frequencies. For installation purposes or a rule-of-
thumb estimation, LOS and first-order reflections can be considered based on the site geom-
etry. For more accurate prediction, ray-tracing with second-order or third-order reflections

can be used.

e For NLOS applications, the direct path can be highly attenuated and become comparable to
reflected multipath components. As a result, the multipath channel structure may become
more diffuse than in LOS environments. When radio waves propagate through composite
walls, metallic studs within the wall must be considered. Penetration loss through the com-
posite wall depends on the position and orientation of the studs within the wall. Results of
penetration loss measurements are presented in Section 7.4.5. As shown in the measurement
results from locations 5 and 6, reflection and scattering from the metallic studs may result
in strong multipath components. More detailed analysis of the effects of different composite
walls on short-path propagation can be found in [157] for 900 MHz , in [158] for 3.0 GHz ,
and in [11, 159] for 60 GHz .

It is worth noting that millimeter-wave systems are mainly proposed for LOS applications. The
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measurement results and analysis show that site-specific propagation models, such as ray-tracing,

can be used to precisely image the space-time channel for LOS applications.

7.4 Statistical Parameters of the Channel

Site-specific prediction requires detailed knowledge of the propagation environments. When such
information is not available, statistical models can be used to describe general channel properties.
This section presents the statistical parameters distilled from all the measurements in different
locations. The measured parameters include received signal power, TOA parameters, and AOA

parameters.

7.4.1 Definition of the Statistical Parameters
TOA Parameters

TOA parameters characterize the time dispersion of a multipath channel. The recorded TOA
parameters include mean excess delay, 7, RMS delay spread, o,, and also their timing jitter and

standard deviation in a small local area. Parameters of 7 and o, are given as following [14]:

e 22]\;1 PiT;

o, = /72— (F)2 (7.152)
N 2
_ N P
2o LZ}VP? (7.153)
1 (3

where P; and 7; are the power and delay of the i, multipath component of a PDP, respectively,

and N is the total number of multipath components.

Timing jitter is calculated as the difference between the maximum and minimum measured values

in a local area. Timing jitter, 6(x), and standard deviation, A(z), are defined as [9]

@) = niic{ai) - minge:) (7.154)

Alz) = 22— (z)? (7.155)
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M
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where z; is the measured value for parameter x (7 or ;) in the i;, measurement position of the
spatial sampling, and M is the total number of the spatial samples in the local area. For example,

for the track measurements, M was chosen to be 80.

Mean excess delay and RMS delay spread are the statistical measures of the time dispersion of the
channel. Timing jitter and standard deviation of 7 and o, show the variation of these parameters

in the small local area.

These TOA parameters directly affect the performance of high-speed wireless systems. For instance,
the mean excess delay can be used to estimate the search range of rake receivers, and the RMS
delay spread can be used to determine the maximum transmission data rate in the channel without
equalization. The timing jitter and standard deviation parameters can be used to determine the

update rate for a rake receiver or an equalizer.

AOA Parameters

AOA parameters characterize the directional distribution of multipath power. The recorded AOA
parameters include angular spread, A, angular constriction, v, and maximum fading angle, 0,4z,
and maximum AOA direction. Angular parameters A,~y, and 60,,,, are defined based on the Fourier

transform of the angular distribution of multipath power, p(8) [160]:

|12
A = 41— T (7.158)
| FoFy — F7||
v o= ot (7.159)
| Fol|2 — |12
1
Omaz = §Phase{Fon—Ff} (7.160)

where

F, = / 7 0(0) exp(jnd)do (7.161)
0



Chapter 7. Characteristics of 60 GHz Indoor Channels. 154

F,, is the ny, Fourier transform of p(0). As shown in [160], angular spread, angular constriction and
maximum fading angle are three key parameters to characterize the small scale fading behavior of
the channel. They can be used for diversity technique, fading rate estimation, and other space-time
techniques. Maximum AOA provides the direction of the multipath component with the maximum
power. It can be used in system installation to minimize the path loss. More detailed analysis on

these parameters is presented in Section 7.4.2.

Path Loss

The free-space path loss at a reference distance of dg is given by
PLfs(do) = 2010g (47Td0/)\) (7.162)

where X is the wavelength. Path loss over distance d can be described by the path loss exponent

model as follows:

PL(d)[dB] = PL;,(do)[dB] + 10n 1og10(di0 ) (7.163)

where PL(d) is the average path loss value at a TR separation of d, and n is the path loss exponent
that characterizes how fast is the path loss increases with the increase of TR separation. The path
loss values represent the signal power loss from the transmitter antenna to the receiver antenna.
These path loss values do not depend on the antenna gains or the transmitted power levels. For

any given transmitted power, the received signal power can be calculated as
P,[dBm] = P;[dBm] + G{[dB] + G, [dB] — PL(d)[dB] (7.164)

where G and G, are transmitter and receiver gains, respectively. The path loss exponent model
and partition based path loss models are explained in detail in Section 2.1.2. In this measurement
campaign, the transmitted power level was 25 dBm , the transmitter antenna gain was 29 dB and

the receiver antenna gain was 6.7 dB .

7.4.2 Results of Measured Statistical Parameters

A total of 8,848 wideband PDPs and 94 PAPs were recorded, from which 2,080 PDPs were recorded

through linear track measurements and 6,768 PDPs through spin measurements.
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Summary of the measurement results is presented in Table 14 for spin measurements and in Table 15
for linear track measurements. The presented parameters are averaged results from individual PDPs
taken in a small local area. They represent the statistical temporal and spatial characteristics for
the measured 60 GHz channels. Sections 7.4.3 to 7.4.5 analyze AOA parameters, TOA parameters,

and the received signal power in detail.

7.4.3 AOA Statistics

e Angular distribution of multipath power: Angular spread characterizes the angular distribu-
tion of the multipath power. It ranges from 0 to 1, with 0 indicating multipath coming from
a single direction, and 1 indicating no clear bias in the multipath AOA [160]. Measurement
results show that the angular spread ranges from 0.36 to 0.78 for hallway measurements, 0.62
to 0.84 for room measurements, from 0.63 to 0.81 for indoor NLOS propagation, and 0.12
to 0.49 for outdoor measurements with few nearby obstructions. These measurement results
show a clear increase of the angular spread from the least cluttered outdoor environments
to obstructed NLOS indoor environments. In the hallway where multipath components are
mainly constrained along the LOS path, the angular spread is smaller than that in rooms.
Also, with the increase of distance along the hallway, the angular spread increases, indicat-
ing more multipath coming from different directions which have powers comparable to the
LOS component. These angular spread values accurately reflect the correlation between the

propagation environments and the multipath angle of arrival distributions.

e Angular constriction: Angular constriction indicates how multipath components are dis-
tributed along two directions. It ranges from 0 to 1, with 1 indicating multipath energy
equally distributed in two directions. High angular constriction results were observed in
close distances in the hallway measurements and in the outdoor measurements near NEB.
This is the result of distribution of multipath energy between LOS and strong reflected wave

components.

o Maximum fading angle: Maximum fading angle shows the direction of the receiver motion
to achieve maximum fading rate. In the far side of the corridor (locations 1.6 and 1.7,

for example), the received signal consists of the LOS component along the corridor and the
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Table 14: Spin Measurements: Transmitter-Receiver Separations (TR) in m, Time Dispersion
Parameters (7 and o) in ns, Angular Dispersion Parameters (A and ) are dimensionless, Maximum
Fading Angle(0,,45) and AOA of Maximum Multipath (mazxAOA) in Degree, Ratio of Maximum

Multipath Power to Average Power (

Peak

) in dB, and Maximum Multipath Power (Pp,4z) in dBm.

Avg
Site Info # | TR T or A ~ Omax Z%gﬁ 1746—5‘;3 Prar | Comments

1.1 5 80.0 | 14.7 || 0.46 | 0.83 | -80.7 -4 12.3 | -14.9

1.2 10 || 52.0 | 188 || 0.44 | 0.74 | -86.6 4 12.0 | -18.2
LOShallway 1.3 20 || 85.9 | 40.1 | 0.56 | 0.28 | -61.9 8 14.5 | -28.8
NEB 1.4 30 | 116.6 | 38.7 || 0.42 | 0.22 | -66.4 5 14.7 | -28.3 | open area

1.5 40 || 84.9 | 60.0 || 0.69 | 0.25 | 4.3 5 13.9 | -38.2

1.6 | 50 || 52.1 | 26.1 || 0.66 | 0.26 | 8.2 10 13.3 | -38.2

1.7 60 || 53.2 | 30.3 | 0.78 [ 0.36 | 4.0 2 13.2 | -40.8

211 5 51.0 | 20.7 || 0.48 | 0.88 | -73.5 5 12.5 -13
LOS hallway 2.2 | 10 62.1 | 294 || 0.66 | 0.79 | -72.3 21 11.4 | -21.7 | intersection
Whittemore 23| 20 || 90.7 | 14.6 || 0.36 | 0.43 | -73.8 4 12.9 | -29.8

24| 30 || 41.2 | 12.3 | 0.41 | 0.15 | -64.8 10 13.8 | -31.7

25| 40 || 83.7 | 53.8 || 0.72 ] 0.19 | 5.0 1 13.2 | -36.0
LOS, room 3.1 4.2 || 42.6 | 16.2 |[ 0.86 | 0.64 | -79.2 0 12.5 | -11.8 | corner
NEB 3.2 133 || 47.7 | 17.5 || 0.81 | 0.70 | -79.1 5 13.1 | -12.1 | center

4.1 | 7.1 || 46.6 | 13.0 |[ 0.84 | 0.55 | -88.0 -60 12.3 | -26.8 | corner
LOS, room 4.2 1 3.8 || 64.3 | 13.3 |[ 0.62 | 0.74 | -89.6 -1 13.1 | -25.6 | center
Whittemore 4.3 | 5.2 || 66.3 | 17.7 ) 0.73 | 0.84 | -35.2 49 14.0 | -30.4 | corner, L to Tx

4.4 1 4.2 || 77.8 | 13.3 |[ 0.78 | 0.72 | -38.2 -49 14.2 | -28.6 | corner,l to Tx

51| 2.4 || 49.1 | 214 0.81 | 0.13 | -76.3 0 12.0 -6.0 | LOS
Hallway to 5.2 24 | 41.6 | 18.1 | 0.74 | 0.44 | -89.6 5 10.3 | -14.1 | through wall
room 5.3 | 24 | 95.8 | 14.6 || 0.63 | 0.40 | -88.1 0 12.1 -5.6 | LOS

54| 24| 80.3 | 16.0 || 0.68 | 0.27 | 72.3 5 11.9 -8.9 | through glass
Room to room | 6.1 | 3 42.7 1 16.6 || 0.80 | 0.40 | -25.3 52 11.5 | -36.4 | through wall
LOS, outdoor | 7.1 | 1.9 || 41.3 | 17.4 || 0.12 | 0.97 | -81.2 2 13.9 | -15.0 | Tx pattern
parking lot 721 1.9 | 56.6 | 16.1 || 0.49 | 0.94 | -66.7 20 8.5 | -29.9 | Rx pattern
LOS, outdoor | 8.1 | 2 244 | 7.7 | 0.26 | 0.76 | -66.3 3 13.9 | -10.1 | near NEB
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Table 15: Track Measurement Results: TR Separations (TR) in m, Time Dispersion Parameters
(7 and o,) in ns, Variations of Time Dispersion Parameters (67, A7, do, and Ao;) in ns, and
Average Received Power (P,) in dBm.

Site Info LOC # | TR T o, ot AT oo, | Ao, P, Comments
1.1 5 1.20 | 6.95 6.33 1.91 | 1.20 | 0.29 | -13.7
1.2 10 | 6.16 | 5.88 5.06 1.20 | 6.16 | 1.73 | -20.3
LOS;hallway 1.3 20 | 32.61 | 47.25 | 32.89 | 8.43 | 32.61 | 9.02 | -36.6
NEB 1.4 30 | 15.50 | 31.15 | 10.16 | 3.43 | 15.50 | 5.69 | -31.2 open area
1.5 40 | 27.60 | 37.04 | 25.89 | 8.81 | 27.60 | 9.76 | -40.5
1.6 50 | 46.42 | 28.17 | 36.70 | 8.10 | 46.42 | 10.73 | -42.8
1.7 60 | 6.38 | 22.57 [ 5.99 1.82 | 6.38 | 1.57 | -41.5
2.1 5 2.22 | 6.24 7.52 2.38 | 2.22 | 0.73 | -16.7
2.2 10 | 2.78 | 6.48 8.24 2.61 | 2.78 | 0.82 | -244 intersection
LOS hallway 2.3 20 2.3 4.56 7.81 2.55 | 2.30 | 0.55 | -32.86
Whittemore 2.4 30 | 22.02 | 33.87 | 13.17 | 4.60 | 22.02 | 6.30 | -34.7
2.5 40 | 77.3 | 45.07 | 105.04 | 34.41 | 77.30 | 25.86 | -36.3
LOS, room 3.1 4.2 1 0.74 | 4.85 6.20 1.88 | 0.74 | 0.20 | -12.1 corner
NEB 3.2 3.3 1 092 | 4.95 5.97 1.87 | 0.92 | 0.23 | -12.9 center
4.1 70 274 | 472 | 11.16 | 3.08 | 2.47 | 0.36 | -29.7 corner
LOS, room 4.2 3.8 24 498 | 11.11 | 3.17 | 2.40 | 0.47 | -24.2 center
Whittemore 4.3 5.2 1 12.88 | 31.10 | 26.36 | 6.86 | 12.88 | 2.95 | -56.2 | corner,l to Tx
4.4 4.2 | 21.3 | 33.94 | 31.5 7.4 21.3 | 543 | -57.9 | corner, |l to Tx
5.1 2.4 | 0.83 | 5.50 2.41 0.69 | 0.83 | 0.32 -5.5 LOS
Hallway to 5.2 2.4 | 246 | 7.41 2.61 0.84 | 2.46 | 094 | -14.3 through wall
room 5.3 241 0.71 | 5.36 1.30 0.41 | 0.71 | 0.25 -6.7 LOS
5.4 24| 1.16 | 5.19 1.85 0.61 | 1.16 | 0.36 -9.1 through glass
Room to room 6.1 3 110.67 | 14.72 | 23.07 | 6.62 | 10.67 | 1.30 | -12.8 LOS
6.2 3 | 14.82 | 21.78 | 34.30 | 857 | 14.82 | 3.37 | -48.3 through wall
LOS,outdoor 8.1 2 7.63 | 24.59 | 10.24 | 2.66 | 7.63 | 1.75 -24 near NEB
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reflected component from the end of corridor. These two components have opposite directions,
and the maximum fading angle is along the LOS path. In the near side of the corridor (such as
locations 1.1 and 1.2), the main multipath components are from LOS path and two reflected
paths from the sidewalls. The maximum fading angle is in the direction perpendicular to
the LOS path. The measurement results show maximum fading angles of —80° and —86° for
locations 1.1 and 1.2, and 8.2° and 4.0° for locations 1.6 and 1.7, respectively. These results

agree well with the expected values.

Direction of mazimum multipath power: Maximum AOA shows the direction of the strongest
multipath component. Measurement results show strong dependence of the maximum AOA
on the propagation environments. For all LOS locations, almost all maximum AOAs are close
to the LOS path within &5 degrees. In location 6.3 and location 6.4, the spin measurements
were taken with the track orthogonal to the transmitter direction. The maximum AOAs are
at 49 and -49 degrees, which are the exact directions of the LOS paths. For NLOS locations,
the maximum AOA is dependent on the specific propagation environments as discussed in

Section 7.3.

Peak to average power ratio: Peak to average power ratio characterizes the power of strongest
multipath as compared to the average received power from all directions. This ratio gauges
the increase of the received signal power by pointing the directional antenna in the maximum

AOA direction.

Peak multipath power: Peak multipath power is the power level of the strongest multipath
component from all the pointing angles of the receiver antenna. Received signal power level
depends on the transmitter power level and the receiver attenuator settings. Therefore, the
power level may change from location to location. We shall be concerned only with the
relative power for the same location. For hallway measurements at location 1, for example,
the peak multipath power level decreases significantly with the increase of the separation at
short distances. At large separation, such as at locations 1.5, 1.6 and 1.7, the peak multipath
power remains almost constant. The same trends were observed for the total received power.
This indicates the waveguide effects of the long hallway. Detailed analysis on the received

signal level is presented in Section 7.4.5.
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7.4.4 TOA Statistics

Channel measurement results are highly dependent on the propagation environments and the mea-
surement system setup. Results from Tables 14 and 15 show a significant decrease of TOA delay
statistics obtained from the track measurements compared to the spin measurements. For exam-
ple, the mean excess delay from the track measurements in location 1.1 is only 1.2 ns , while it is
80.0 ns from the spin measurements. When transmitter and receiver antennas are aligned, such as
track measurement at location 1.1, the main multipath component is the LOS component. Other
multipath components are largely attenuated by the directional antenna, forcing the excess delay
to be close to zero. However, if the antennas are not aligned and pointing into different directions,
such as in spin measurements, the LOS path is attenuated and becomes comparable to the reflected

multipath components, resulting in a significant increase of time delay parameters.

Therefore, for propagation research and system deployment, it is important to use channel propaga-
tion characteristics with consideration of the system setups. Table 15 provides channel parameters
for systems with aligned antennas, while Table 14 presents results for systems with antennas point-

ing in arbitrary directions such as in a mobile environment.

Next, we summarize the measurement results from TOA measurements.

e RMS delay spread: When the receiver antenna was pointed to different directions, the delay
spread was in the range of 7.5 ns to 76.5 ns for hallways, and 10.9 ns to 41.0 ns for rooms.
The measured delay spreads are in agreement with the measurement results in [161], where
typical measured delay spreads for indoor 60 GHz channels range from 15 ns to 70 ns . When
the receiver antenna was fixed, the delay spread was significantly smaller. Typical ranges are

from 4.6 ns to 47.3 ns in the hallways, and from 4.7 ns to 33.9 ns in the rooms.

e Mean excess delay: When the receiver antenna was rotating, the measured 7 was in the
range of 41.2 ns to 116.6 ns for hallways, 42.6 ns to 77.8 ns for rooms, 41.6 ns to 91.8 ns for
propagation from room to hallway and from room to room, and 24.4 ns to 56.3 ns for short
distance outdoor measurements. In the hallway measurements, 7 increased significantly in
the open area near the elevator, such as in location 1.4. Significant reduction of delay was

also observed when the antennas were aligned and fixed.
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e Timing jitter and standard deviation: Due to the small wavelength of 5 mm at 60 GHz, the
radio channel may vary significantly within a small area ( on the order of 20 wavelengths).
Measurement results show high timing jitter and standard deviation for the measured excess
delay and RMS delay spread values of all locations. These results present a quantitative

measure of the channel variations in a small local area.

7.4.5 Received Signal Power

Due to the high diffraction and penetration losses, the LOS path and the reflected paths dominate
the millimeter wave channel. The received signal power largely depends on the antenna pattern,
antenna alignment, and propagation environments. The maximum multipath power from the spin
measurements shows the power level of the strongest multipath in all AOA directions. The average
power presented in the track measurements shows the spatially averaged power with both antennas
aligned. For the majority of the locations, the maximum multipath component has a power level
that is higher than the averaged power. The trends of signal level changes are the same for both
the maximum multipath power and the average received power. These trends are summarized as

follows:

o Waveguide effects: For hallway measurements, the received signal power decreased rapidly
when the transmitter and receiver separation was increased from 2 m to 20 m. After 20
m, the received signal power did not decrease appreciably with the increase of the distance.
This trend was observed from both location 1 and location 2 hallway measurements. For
instance, the received powers at locations 1.5, 1.6, and 1.7 were almost the same, although
transmitter-receiver distance changed from 40 to 50 and 60 m, respectively. This is due to
the waveguide effects of the radio wave propagation along the corridor at further separations.
At small distances, the reflected wave components are rejected by the directional receiver
antenna, and the waveguide effect is not dominant. However, at long distances, reflected wave
components are close to the LOS path and are received by the receiver antenna. The total
received field is stronger than it should be from free space propagation, and the transmitted
wave propagates in a guided fashion. The interplay of the antenna pattern, site geometry and

reflected wave components can be explained using the power zone theory [40].
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e Antenna effects and power zone theory: When directional antennas are used, the majority
of the radiated energy is concentrated along the LOS path. Power zone plots are developed
to characterize the power concentration. When transmitter-receiver separation is relatively
small, no obstacles intersect the power zones. And, therefore, the received signal power
is mainly from the LOS path. As a result, with an increase in distance, the received signal
power decreases with a path loss exponent close to 2. However, when transmitter and receiver
separation is large, the sidewalls of the hallway and the floor are close to the main power zone,
and reflected power contributes to the total received power. The received signal consists of
both LOS component and reflected components along the corridor (similar to a waveguide).

Therefore, the total received power does not decrease appreciably for larger distances.

o FEffects of antenna alignments: Due to the highly directional receiver antenna, the received
signal power can vary significantly depending on the antenna alignment. This is clearly
demonstrated in location 4.3, where the receiver antenna is not aligned to the transmitter
antenna. The received signal power dropped from -29.7 dBm (location 4.1 with antenna

aligned) to -56.2 dBm .

e Penetration losses: Measurements through glass door and interior walls in locations 5 and 6
showed power losses of 8.8 dB and 35.5 dB through two composite walls, and a loss of 2.5 dB
through a glass door. These results indicate that the quantity and position of the metallic
studs within the composite wall are important factors to determine the penetration loss.
When the studs were not blocking the transmission path, the penetration loss was 8.8 dB
, comparable to the loss through a plasterboard wall [159]. When the stud was blocking
the transmission path, the penetration loss was 35.5 dB , comparable to the loss through a

concrete wall [11, 92]. Rule-of-thumb penetration loss values are presented in Table 16.

e Scatter plot of path loss values: The total path loss from the transmitter to the receiver was
calculated from the measurement results. The scatter plot is presented in Figure 65. As
shown in Figure 65, for LOS propagation, the path loss values are close to the free space path
loss values. For NLOS propagation, high penetration loss values can result in high path loss
values. For example, in location 6, the path loss value is as high as 108 dB for the NLOS

receiver location. This is caused by the 35.5 dB penetration loss through the composite wall.
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Table 16: Measured Penetration Losses and Results from Literature.

Material Penetration loss | Ref.
Composite wall with studs not in the path 8.8 dB

Composite wall with studs in the path 35.5 dB

Glass door 2.5dB

Concrete wall 1 week after concreting 73.6 dB [11]
Concrete wall 2 weeks after concreting 68.4 dB [11]
Concrete wall 5 weeks after concreting 46.5 dB [11]
Concrete wall 14 months after concreting 28.1 dB [11]
Plasterboard wall 5.4 to 8.1 dB [159]
Partition of glass wool with plywood surfaces | 9.2 to 10.1 dB [159]
Partition of cloth-covered plywood 3.9 to 8.7 dB [159]
Granite with width of 3 cm >30 dB [92]
Glass 1.7 to 4.5 dB [92]
Metalized glass > 30 dB [92]
Wooden panels 6.2 to 8.6 dB [92]
Brick with width of 11 ¢m 17 dB [92]
Limestone with width of 3 cm > 30 dB [92]
Concrete > 30 dB [92]
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Scatter Plot of the Path Loss for All Locations
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Figure 65: Scatter plot of the measured path loss values
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7.5 Summary

This chapter presents an extensive measurement campaign and a detailed analysis of 60 GHz space-
time channels. Multipath components were resolved in space by sweeping a directional antenna, and
in time by using a spread spectrum sliding correlator system. Measurement results include PDPs,
PAPs, received signal power, AOA parameters, and TOA parameters. The PAPs are analyzed in
context with site-specific information. Results show strong correlation between the multipath dis-
tribution and the propagation environments. Ray tracing of first-order and second-order reflections
seems to be sufficient to predict the multipath AOA structure for LOS applications. Metallic fur-
niture and objects must be considered in the ray tracing model. Measurements through composite
walls show that the wall structure can be a crucial factor in determining signal power level as well
as multipath structure. Statistical parameters, such as angular spread, peak AOA, and maximum
fading rate angle were measured and related to the multipath models. The measured power, AOA
and TOA parameters agree well with the theoretical expectations. These measurement results not
only present important empirical values for 60 GHz system design and a fundamental basis for ray
tracing development and verification, but also provide a better understanding of the radio wave

propagation.



Chapter 8

Summary and Future Research

Directions

8.1 Summary of Results

This dissertation focuses on radio wave propagation research at millimeter-wave frequencies. Com-
prehensive analysis and extensive measurement campaigns were performed at 38 GHz for Local
Multipoint Distribution Service (LMDS) applications, and 60 GHz for Next Generation Internet
(NGI) applications. Channel models were developed based on the measurement results and are

also presented.

As shown in Chapter 1, millimeter-wave bands are the best candidates for future broadband wireless
systems. The most important applications are LMDS at 28 GHz and 38 GHz , and (NGI) systems

at 60 GHz . However, terrestrial millimeter-wave propagation channels are still largely unknown.

In Chapter 2, fundamentals of radio wave propagation were reviewed. Important concepts, such as
path loss, system coverage, multipath propagation, and space-time channel modeling were covered.

Effects of receiver bandwidth and antenna beamwidth were also analyzed.

A technical review of different measurement techniques was provided in Chapter 3. First, continuous

wave (CW) measurement techniques were studied. A CW measurement system was designed, and
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a measurement campaign was performed at 5.85 GHz to study penetration losses through buildings
and trees. Secondly, two wideband measurement techniques were analyzed. Both SCS and VNA
systems were implemented, and a measurement campaign was conducted to carefully compare the
performance of these two systems. Thirdly, analytic estimation of the time measurement accuracy
for the SCS technique was provided and verified experimentally. Finally, a SCS was built to operate
at 38 GHz and 60 GHz . This system was instrumental for the millimeter-wave propagation research

presented in this dissertation.

Chapter 4 presented a comprehensive overview of terrestrial millimeter-wave propagation funda-
mentals. Emphasis is placed on the rough surface scattering and random media scattering due to
vegetation and rain. Results of a literature search on outdoor and indoor propagation measurements
at millimeter-wave frequencies are presented. The literature search provided vital information for

choosing the research directions of this dissertation.

Chapter 5 provided important measurement results and models for LMDS applications. One of
the most important applications of the millimeter-wave spectrum is LMDS. However, little has
been reported in the literature on the effects of weather on the wideband channel properties at
millimeter-wave frequencies. Chapter 5 presented measurement results in the areas of channel mul-
tipath propagation, short-term signal variation, interplay of coherent power and incoherent power,
and channel path loss under different weather conditions (clear sky, rain, and hailstorm). The
measurement results show that millimeter-wave channels can become dispersive due to the weather
effects on the building surfaces. When standing water surfaces are formed during rain, rough
building surfaces can become strong reflectors and produce strong reflected multipath components.
Furthermore, the measured signal variation during 2-3 minutes of constant rain rate appeared to
be Rician distributed. A Rician K factor was used to describe the ratio of coherent power to inco-
herent power during rain. Empirical results of K factors at different rain rates were proportional
to the rain rates (with a negative sign). Theoretical study revealed that the signal variations were
due to the nonuniform distribution of the rain patches along the propagation path. Finally, signal
attenuation during various rain storms and a hailstorm was measured. Measurement based models
were developed for the signal attenuation and short-term signal variation during rain. A theoretical

study of the short-term signal variation during rain was presented. The theory was developed based
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on the fundamental principles of wave propagation through random media of scatters. The results
show that the nonuniform distribution of rain drop density along the propagation path can result in
signal fluctuation. The estimated values of the K factor agrees well with the measurement results.
However, the theory finds the signal statistics to be governed by a lognormal distribution. Further

measurements are required to verify the theoretical hypothesis.

In Chapter 6, a novel design technique was developed to predict worst-case multipath power, AOA
and TOA based on antenna patterns and site-specific information. This approach implements a
single bounced reflection model. Relative power zone contour plots and excess delay zone contour
plots were developed to determine multipath channel structure. These contour plots can be easily

implemented for millimeter-wave system design and installation.

Finally, in Chapter 7, 60 GHz short-range channels were investigated. Future-generation wireless
systems explore dimensions of space, time and frequency. However, little literature is available to
characterize the space-time channels at 60 GHz . The focus of our propagation research was on the
space-time channel structure at 60 GHz . The multipath components were resolved in time by the
sliding correlator technique, and in angle by sweeping a directional antenna in azimuth. The mea-
sured channel multipath structures were carefully analyzed at each location in order to determine
the origins of the multipath components from the propagation environments. Results show strong
correlation between the channel structures and the propagation environments. Measurements in
LOS environments clearly demonstrated that image-based ray tracing techniques can be used to
predict detailed channel structure. Measurements in NLOS environments revealed important effects
of the metallic studs of composite walls on the received signal power and multipath structure. For
all the measurement results, time dispersion parameters and angle dispersion parameters were cal-
culated from spatially averaged PDPs and PAPs. The measurements and analysis provide not only
important results for 60 GHz space-time channel characterization, but also a basis for ray-tracing

development and validation.
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8.2 Related Publications by the Author

Several publications related to the millimeter-wave propagation research have been written by the
author. These publications include three journal papers, four conference papers, two technical
reports and a contribution to IEEE802.16 standard group. Two journal papers on the LMDS
research were published in IEFE Journal on Selected Area of Communications and IEEE Commu-
nications Letters [40, 162]. One journal paper on the 60 GHz channel characterization is in the
process of preparation. Four conference papers were written: 1) measurement results at 38 GHz
were presented in I[EEE VTC’99 [39]; 2) rain scattering models were presented in AP2000 [163];
3) a coauthored paper with James Schaffner et al on LMDS system design issues was presented in
3rd International Wireless Communications Conference [26]; 4) a paper on the 60 GHz measure-
ment results was submitted to IEEE VTC’2000 [164]. A technical report was written to carefully
document the 38 GHz measurement campaign [140]. Finally, a contribution to the IEEE 802.16

standard group was submitted based on the LMDS research.

Additional papers were published by the author in the areas of measurement system design and
narrowband building penetration measurements at 5.8 GHz . A paper on the measurement cam-
paign to compare different measurement techniques was published in Advancing Microelectronics
[61]. Several papers on the building penetration measurements at 5.85 GHz , which were coauthored

with G. Durgin and T. S. Rappaport, were published in [2, 3, 57, 58, 59].

8.3 Future Research Directions

There are several areas of this dissertation that can be extended through future research. These

research directions are outlined below.

e An interesting research area is to extend the measurement and models for different polariza-
tions. This dissertation presented measurement results and models for LMDS applications.
The presented results are for systems with vertical polarized antennas. Effects of vegetation
on the cross polarization was studied in [98], however, there is little literature on the weather

effects on the signal depolarization through LMDS links. The research on polarization will
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provide crucial information for systems with polarization diversity.

o [t is useful to obtain realistic reflection coefficients of different surfaces. The delay zone and
power zone models were developed for the worst-case estimation of the multipath delay and
power. With the automated measurement system, it is possible to perform a measurement
campaign to study the dependence of reflection coefficient on the surface roughness, incident
angle, polarization, surface material, and surface condition (such as dry or wet). The results
could also serve as a verification of the hypothesis that the surface becomes more reflective

when it is wet.

e There are many possibilities for further investigation of the signal variation during rain both
theoretically and experimentally. The theoretical prediction of the signal short-term variation
matches well with the measurement results. The theory predicts that the short-term signal
variation is due to the nonuniform distribution of the rain drop densities along the propagation
path. One possible experimental verification of the theory is to perform a rain attenuation
measurement campaign with several rain gauges along the propagation path. The average
rain attenuation can be related to the average rain rate, and the signal variation can be

studied considering different rain rates along the path.

e There is great potential to develop a ray-tracing tool based on the propagation study at
60 GHz . The measurements provided detailed information on the signal power and multipath
structure in various controlled environments. The initial analysis shows excellent agreements
of the measurement results and the ray tracing predictions. The measurement results could
be used for ray-tracing validation and development. More measurements can be taken to

support such a tool.

e In the area of channel measurement system design, there are several research directions that
could be taken. These directions include coherent detection of the received signal to acquire
phase information of the multipath components, miniaturization of the channel measurement

system, and development of a measurement system with high temporal and spatial resolutions.
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8.4 Conclusions

This research has studied radio wave propagation at millimeter-wave frequencies. Measurement
systems were designed, and two extensive measurement campaigns were performed for LMDS ap-

plications at 38 GHz and NGI applications at 60 GHz .

For outdoor LOS applications, the research of this dissertation shows that weather effects have a
significant impact on millimeter-wave propagation. The results presented in this research provide
important guidelines for LMDS system development. Measurements and models were presented to
estimate received signal level, signal variation, and channel time dispersion under different weather
conditions. A simple model was developed to predict the multipath power and time delay based

on the antenna patterns and the site information.

For indoor applications, the propagation environments directly affect multipath channel structure.
The research results show that for LOS environments, the multipath structure can be predicted
using ray-tracing techniques. However, metallic structures and furniture must be considered in
the prediction techniques. For NLOS propagation through walls, metallic studs within the wall
may play an important role in determining the penetration loss and multipath characteristics.
These metallic structure may result in high penetration loss and high signal variability for NLOS

applications. As a result, millimeter-wave systems are mainly proposed for LOS applications.

The enormous amount of free spectrum at millimeter-wave frequencies provides tremendous poten-
tial for high data rate multimedia applications. This dissertation has provided some fundamental

results for the future millimeter-wave applications.



Appendix A

Measurement Results from VNA and

SCS Comparison

A.1 Measurement Site Information

The measurement locations on the lawn are presented in Figure 66. The lawn was located on top of
a hill near Malibu beach. To one side of the lawn is the two-story office building, and to the other
side of the lawn the ground sloped down towards a road about 100 m away. There were several trees
at the edge of the lawn before the downward slope, and there was one tree approximately 5 m high
in the middle of the lawn. The transmitter was located in the left-bottom corner of the lawn, and
three receiver sites were chosen for the measurements. The first one, Rx1, was located one meter
from the transmitter, and this site was used for a one meter free space calibration measurement.
The other two locations were chosen near and far from the office building. The receivers at all
locations had line-of-site (LOS) propagation paths to the transmitter. At 5.85 GHz the wavelength
is only about 5 cm, so the multipath delay profile can change rapidly in a small local area. At each
measurement site, five measurements are taken in the local area with a separation of one full wave

length.

A conference room and a hallway were chosen as the indoor measurement sites. The measurement

locations are presented in Figures 67 and 68. The conference room had a long wooden table in
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Figure 66: Measurement locations in the lawn.
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Figure 67: Measurement locations in the conference room.



Appendix A. Measurement Results from VNA and SCS Comparison 173

Hallway

TX‘ 10 m .‘. 10m q“ Sm q 0 RxC
A
RxA RkB
7m
(]
13.4m
4]
Rx D)
v
32.6m

Figure 68: Measurement locations in the hallway.

the middle with chairs surrounding it. The transmitter was located in the center of the room, and
several receiver locations were chosen on all sides of the room. In the hallway, the transmitter was
located at one end, and receiver locations were separated down the hallway, with one measurement

taken around a corner. This was the only non-LOS measurement.

A.2 Measurement Results

Measurement results for the lawn, conference room, and the hallway are summarized in Tables 17,

18 and 19.

Both measurement methods provided results that showed the influence of the surrounding scatters
on the PDP. For example, for the outdoor measurement data, receiver position B had more mul-
tipath components than receiver position C, and subsequently higher values of 7 and o. This is
predictable, since at location B the receiver was placed near the office building, so there were more
reflections from the office building. At location C there were only few scatters near the receiver

(see Figure 66).
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Table 17: Results for the Lawn.

Location # of MP 7(ns) or(ns) Prec(dBm)
Garden | # pos. | SCS VNAS | SCS VNAS | SCS VNAS | SCS VNAS
Rx B 1 15 18 274 294 | 534 544 | -T7.6 =77

2 15 16 27.1 266 | 53.9 51.5 | -75.8 -76.8
3 18 18 28.7 352 | 56.0 59.6 | -76.7 -78.7
4 15 20 39.5 489 | 67.1 71.8 | -77.2 -78.7
5 13 19 21.2 293 | 494 575 | -74.7 -77.2

Average | 15.2 182 | 288 339 |[56.0 59.0 |-76.4  -77.8
Rx C 1 8 11 796 998 |[31.7 356 |-75.1 -76.2
2 12 12 6.00 833 |27.2 306 |-74.3 -76.0
3 12 12 590 748 | 263 299 | -75.2 -76.9
4 12 11 14.4 125 | 442 394 | -74.8 -76.2
5 13 12 9.66 103 | 345 353 |-75.4  -764
Average | 11.4  11.6 8.8 9.7 328 341 | -75.0 -76.3

Location C in the hallway measurement (see Figure 68) was the cross section between two hallways,
and had a higher number of the multipath components than all the other hallway locations. At
location D of Figure 68, which was around the corner from the transmitter and thus no LOS
between the transmitter and receiver, the received power decreased by about 20 dB compared with
location C, which had almost the same transmitter-receiver separation but with LOS. Also, at this

location, the mean excess delay and delay spread were much higher than in the other locations.

In the conference room as many as 21 multipath components were detected in the PDP and the
value of 7 was as high as 100 ns. This trend was observed for all the measurement locations in
the room. This was caused by the good reflection off the metallic walls, which were made from 16

gauge steel.
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Table 18: Results for Conference Room.

Location # of MP T(ns) or(ns) Prec(dBm)
Conf. Rm | # pos. | SCS VNAS | SCS VNAS | SCS VNAS | SCS VNAS
Rx A 1 14 11 148 150 | 394 357 | -43.6 -45.6

2 12 11 128  13.1 42.6  37.3 | -44.6 -46.1

3 17 15 153 177 | 41.1 38.8 | -44.6 -46.0

4 10 11 123 102 | 329 29.0 | -44.5 -45.7

5 18 13 11.6  11.3 | 43.6 339 | -44.1 -45.6

Aver. | 142 122 | 134 13,5 | 399 349 | -44.3 -45.8

Rx B 1 21 25 100 103 759 777 | -51.9 -53.8
2 25 24 93.6 805 |923 79.6 |-51.3 -53.4

3 23 24 82.1 731 |91.3 782 |-49.7 -51.2

4 20 23 67 773 | 735  69.6 | -50.2 -51.5

5 24 24 909 904 | 956 75.2 |-50.6 -52.5

Aver. | 22.6 24 86.7 84.9 | 8.7 76.1 |-50.7 -52.5

Rx C 1 25 22 68.5 68.6 | 833 741 |-50.8 -52.4
2 27 24 89.0 779 |89.7 70.2 |-51.3 -52.3

3 26 24 86.4  85.8 | 75.1 71.3 | -49.5 -51.6

4 25 24 83.7 69.9 |90.6 78.6 |-52.3 -54.0

5 26 27 73.7 852 |8l6 86.2 |-50.5 -52.7

Aver. | 25.8 242 | 803 77.5 | 84.1 76.1 | -50.9 -52.6
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Table 18: Results for Conference Room (cont.).

Location # of MP T(ns) or(ns) Prec(dBm)
Conf. Rm | # pos. | SCS VNAS | SCS VNAS | SCS VNAS | SCS VNAS
Rx D 1 34 37 8563 943 |93.0 929 |-51.8 -53.7

2 25 26 782 725 | 722 651 |-50.7 -51.6

3 31 25 107 89.1 89.1 63.5 | -46.7 -53.1

4 28 34 60.2  59.7 | 89.3 747 | -52.0 -52.4

5 28 29 82.1 68.1 96.9 81.7 | -51.6 -52.4

Aver. | 29.2 30.2 | 826 76.7 | 88.1 75.6 | -50.6 -52.6

Rx E 1 27 35 110 100 100 99.2 | -52.3 -52.7
2 37 36 93.4  80.0 101 93.6 | -50.2 -51.7

3 21 31 66.8 709 | 79.7 873 | -56.0 -51.7

4 27 27 785 775 |84 831 |-504 -52.5

5 26 27 76.6 73.0 |96.9 87.2 | -50.8 -52.2

Aver. | 276 31.2 | 8.1 80.3 |[93.2 90.1 |-51.9 -52.2

Rx F 1 27 19 108 68.4 108 79.4 | -48.5 -52.0
2 20 13 619 473 | 69.3 57.5 | -48.1 -52.3

3 19 35 29.2 470 |61.5 80.3 |-54.9 -50.6

4 24 29 61.8 554 |90.0 84.2 |-548 -50.4

5 18 28 259 434 |60.7 T78.8 |-54.1 -50.9

Aver. | 21.6 248 | 574 523 |77.9 76.0 |-52.1 -51.2
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Table 19: Results for Hallway.

Location # of MP T(ns) or(ns) Prec(dBm)
Hallway | # pos. | SCS VNAS | SCS VNAS | SCS VNAS | SCS VNAS
Rx A 1 8 12 4.16  8.76 13.6 28.7 | -61.7 -63.8

2 12 14 403  23.7 43.5 276 | -66.4 -65.1

3 11 13 243 109 26.0 21.5 | -64.1 -64.6

4 10 15 3.18  5.07 11.5 18.4 | -58.0 -59.8

Aver. | 103 13.5 | 18.0 12.1 |23.65 24.0 | -62.6 -63.3

Rx B 1 9 8 3.23 2.88 12.6 12.5 | -64.8 -62.6
2 6 10 8.58  12.5 23.6 26.8 | -68.6 -67.2

3 5 11 1.63  2.29 12.2 12.2 | -62.9 -61.5

4 8 7 3.08  3.25 12.9 13.6 | -63.5 -62.7

5 10 12 4.07  3.89 16.6 18.5 | -64.7 -62.9

Aver. | 7.6 9.6 4.1 5.0 15.6 16.7 | -64.9 -63.4

Rx C 1 9 17 8.4 12.1 27.6 349 | -68.4 -69.2
2 12 17 19.4  35.6 43.7 52.5 | -71.9 -74.1

3 10 15 9 12.5 29 31.9 | -68.2 -68.5

4 8 17 3.34  4.21 16.6 203 | -61.9 -62.6

5 15 17 153 13.0 32.7 29.9 | -70.7 -69.3

Aver. | 10.8 16.6 | 11.1 15.5 29.9 33.9 | -68.2 -68.7

Rx D 1 8 9 384  36.7 40.6 33.8 | -91.0 -91.2
2 11 13 383  41.2 36.7 38.6 | -87.6 -89.7

3 13 16 45.1 421 45.7 44 -90.4 -91.9

4 10 14 36.4 38 40.7 39.7 | -88.3 -89.3

Aver. | 10.5 13 39.6  39.5 40.9 39.0 | -89.3 -90.5

177



Appendix B

Analysis on Time Measurement

Accuracy for the SCS

In order to improve the accuracy of the measurement and enable the transmitter and the receiver
of the SCS to operate separately without a synchronization cable, rubidium frequency standard
is used in the system. The accuracy of the rubidium oscillators will directly effect on the time
measurement accuracy of the system. This appendix provides an error analysis resulting from the
frequency offset of the rubidium oscillators. The analysis results were verified in the measurement
campaign presented in Section 3.5. Based on the analysis, improvement techniques were suggested

and implemented in the measurement campaign [61].

B.1 Introduction

In the SCS developed at MPRG, three PN sequences are generated: transmitter PN sequence,
receiver PN sequence, and a duplicated transmitter PN sequence at the receiver for synchronization
purpose. The correlation of the receiver PN and the duplicated transmitter PN generator provides
a signal pulse with no propagation delay, which serves as a reference for absolute propagation delay
measurements. The duplicated transmitter PN enables the transmitter and receiver to operate

separately without a synchronization cable.
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Rubidium oscillators (RO) running at 10 MHz are used to provide frequency references for the
frequency generators at both transmitter and receiver. Since both ROs at the transmitter and
receiver are free-running, they will independently drift, which will result in a small frequency

offset, Af. This offset will cause the PN sequences to drift and influence the measurement result.

The goal of the analysis is to quantitatively evaluate the effects of a given frequency offset (Af) of
the RO on the time measurements including absolute propagation time and excess delay. As shown
in this analysis, a small frequency offset of the RO may result in a large time measurement error

in a long measurement campaign.

We denote the transmitter PN frequency as fr, the receiver PN frequency as fr, and duplicated
transmitter PN frequency as fTQ . The calculation is carried out for a typical setting of the frequen-
cies:

fr = fF =100 MHz (B.165)

frR = 99.99 MHz (B.166)

The general formulas, derived below, are valid for any value of Af, or any PN frequency setting.

The reference output of an ideal RO is 10 MHz. Suppose ROs have offsets of A fQBO and A f}%o for
transmitter and receiver, respectively. Then, the actual clock frequencies are
RO — 10 MHz + AfFC (B.167)

RO — 10 MHz + AfEC (B.168)

The PN sequences based on these references are then biased in frequencies.

fr = (10 MHz + AfE°) %10 = 100 MHz + 10A £ (B.169)
P = (10 MHz = AfE9) % 10 = 100 MHz + 10A fF° (B.170)
fr = (10 MHz £ AfE9) % 9.999 = 99.99 MHz + 9.999A fFC (B.171)

B.2 Influence on the Synchronization Pulses

Synchronization pulse is generated by mixing the duplicated transmitter PN sequence and the re-

ceiver sliding PN sequence. The synchronization pulse occurs when these two PN sequences align.
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The duration between two synchronization pulses is the time duration between two successive align-
ments of the receiver and the duplicated transmitter PN sequences. Therefore, it is independent on
the transmitter PN and the transmitter RO. The synchronization time is evaluated in [66] and [67]
for the ideal RO frequencies. In this work, the system parameters are evaluated taken into account

the frequency offset.
Tsyne = YyRNTF (B.172)

where N is PN sequence length, T%) is the chip duration of the duplicated transmitter PN sequence,

and g is sliding factor according to the receiver PN sequences which is defined as

- _Dfijfj (B.173)
fT - fR
Substituting (B.173) into (B.172), we will have
D
T npp - N N N (B.174)

T — = ~
TR — LD — fr 0.0 MHz £ 0.0001AfE© "~ 0.01 MHz

The value of 0.001 Afgo is on the order of 10~7 Hz [165], which is much less than 0.01 MHz, so
the interval between the synchronization pulses is dependent only on the PN length. For example,
when the PN sequence length is N=2047 and the chip rates are 100 MHz and 99.99 MHz, the time

duration between two synchronization pulses will be Ty, = 0.2047 sec.

B.3 Influence on Excess Delay Measurements

The excess delay is the arrival time difference between the i;;, multipath component, t;, and the
first arrived multipath, ¢;. We denote the recorded time difference (scope time) between these
multipaths as Typserve = ti — t1, then the actual excess delay time, T,ctual, 1S given by
T,
Tactual = observe (B175)

T

where sliding factor,yp, is defined as

Ir

O (B.176)



Appendix B. Analysis on Time Measurement Accuracy for the SCS 181

. When the ROs do not have frequency offsets, v is 10,000 for the given frequencies f; and f, in
(B.165) and (B.166).

When the ROs have frequency offsets, the frequency values are given by (B.169) and (B.171). For

these frequency values , the value of 7 is

- 100 MHz £ 10A £
~0.01 MHz + 10A £E© £ 9.999A fEO

v ~ 10000 (B.177)

The values of IOAfgo and 9.999Af§0 are in the order of 2% 10™3 Hz which is much less than 0.01

MHz [165]. The influence of the frequency offsets is negligible.

Notice that in this work we introduced the new definitions of sliding factors yr and ~7, taking
into account the different frequencies between fp and f%) due the RO frequency offset. For cases
where frequency offsets A fYBO and A fg'o are 0, the new defined sliding factors (yr and yg) will

degenerate to the sliding factor () defined in [14, 66].

B.4 Influence on the Absolute Propagation Time Measurements

Let’s suppose we start the three PN sequences at the same time. The synchronization pulse is
generated from receiver PN and duplicated transmitter PN. The actual alignment time depends
on the transmitter PN and receiver PN. Therefore, if there is a difference between the transmitter
PN and its duplicate, the synchronization pulse will occur not at exactly the same time as the
transmitter PN and the receiver PN align. As depicted in Figure 69, this error accumulates with
each successive synchronization pulse and cause recorded PDPs drifting from the synchronization

pulse with time.

As calculated in Section B.2, the synchronization pulse, Tsyn., occurs every 0.2047 seconds. The

actual alignment occurs every

fr NTT 2047 B
fr—fr  0.01 MHz + 10AfEC £9.999A fEO

Tatign =vr N Tr = Toyne + AT (B.178)

So after every acquisition, i.e. 0.2047 second, the first multipath will shift by AT from the synchro-
nization pulse providing the channel is stationary. This error accumulates by NAT over N code

sequences. The following calculation estimates this error for the practical frequency offset values.
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(a). Sync Pulses

(c). MP Propagation Times

ATactual ETactual i 2AT

—> —> —>

Y L |

o AT_J Time

;A Tsync | Tsync

| | -
i Time

(b). Actual Alignment§

EA Talign ? | Talign EE A

| 1 y -

Time

absolute measured

Figure 69: Influence of the frequency offset on (a) time between sync pulses, (b) time between
actual alignments of PNs, and (c) absolute propagation time.

From the Electrical Specifications of [165], the Daily Aging Rate (the error after first 24 hours on)
is 2% 107" % f. As we have the output frequency of RO at 10 MHz, the frequency offset will be
Af=2%10""1%10%10% = 2 % 10~* Hz. For these values,

_— 2047
align = 001 MHz £+ 102+ 10 4 F9.999 2 % 104
2047
Maz{Tyon} = — 0.204700081 B.179
ax{Tatign} = 50T Nz — 107 210 T —9.999 2 25 103 ° ( )
2047
Min{Taign} = — 0.204699918 s (B.180)

0.0l MHzZ +10% 2% 104 +9.999 % 2 x 104
Moazx{ATppserve} = Tatign — Tsync = £82 ns (B.181)
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AT pserve 18 the observed time shift of the measured multipath at the oscilloscope assuming the

display resolution of the oscilloscope can discern less than 82 ns.

In order to evaluate the time shift of the multipath in the real propagation time after every syn-

chronization cycle (0.2047 second),we will need to divide this time by ~, i.e.

82 ns 82 ns
AT pctval = L S = ilOOOO = 8.2 ps/cycle (B.182)

This equation provides the maximum error in the absolute propagation time measurement of 8.2
ps per every 0.2047 seconds. This gives a maximum shifting rate of 40.06 ps/s , or 2.4 ns/min , or

144.2 ns/hour.

Notice that after several hours’ operation, the error becomes as big as hundreds of ns. This causes
the display to slowly slide across the oscilloscope screen. The observed drift of PDPs on the
oscilloscope also depends on the time resolution. For example, if the time scale of the oscilloscope
is 1 ms per division. For Tektronix 2432A, there are 50 sample bins per division, so the time
resolution is 20us/bin of scope time or 2 ns/bin of real time. This means that a real time shift of 2
ns will result in a bin shift on the oscilloscope. Based on the above 40.06 ps/s shifting rate, we will
observe one bin shift on the oscilloscope only every 49.9 s and we will observe one division shift

every 41.6 min.

In order to achieve the required accuracy, we need to connect the transmitter and receiver with a
synchronization cable and get their PN sequence generators synchronized again, then separate them
for long distance operation. Or we can compensate for the error by tracking the linear accumulation
of AT over time. In fact, practical use of the system shows the shifting of the multipath is well
estimated by this calculation. A summary of the time measurement accuracy analysis results is
given in Table 20. This analysis was verified in the measurement campaign presented in Section 3.5.
As shown in Figure 18, the time shift of the PDPs are indeed linearly dependent on the measurement

time.
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Table 20: Time Measurement Error due to Specified RO Frequency Offsets and PN Frequency

Settings.

1 min 1 hr 5 hr 1 day
Sync Pulse Repetition 0 0 0 0
Excess Delay Time 0 0 0 0
Absolute Prop. Time | 2.4 ns | 144.2 ns | 721 ns | 3.461 us
Drifting on Scope 1 bin 1 div 7.2 div | 34.6 div




Appendix C

Canonical Antenna Patterns for

Relative Power Zone Derivation

The power and delay zone approach is demonstrated for following canonical antenna system: the
uniformly illuminated rectangular aperture antenna as the transmitting antenna and the uniformly
illuminated circular aperture antenna as the receiving antenna. These antennas were selected to
represent antenna systems proposed for emerging millimeter-wave point-to-multipoint links. The
transmitting (hub) antenna has half power beamwidths of 45° and 6.5° in azimuth and elevation,
respectively. The receiver (subscriber) antenna has half power beamwidths of 1.5° in both azimuth

and elevation.

The normalized far-field radiation power patterns, G¢(¢y, 6;) and G, (¢r, 0,), for these antennas are

given in [95] as follows

sin|m(a/\)sin($)]sin|r(b/A)sin(0)] |

G 0;) = C.183
(@t 64) 72(ab/A2)sin($)sin(0) ( )

where X is the wavelength, and a and b are dimensions of the rectangular aperture.
G () = mr?2J1(€) /€ (C.184)

where & = 2m(rg/A)sin(,), Ji is the first-order Bessel function, and ~, is the angle in spherical
coordinate system as shown in Figure 55. The resulting antenna patterns are presented in Figure

70.
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Appendix C. Canonical Antenna Patterns for Relative Power Zone Derivation
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Figure 70: Theoretical power patterns for horn and dish antennas: azimuth.
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Site Photos and Maps for 60 GHz

Measurement Campaign
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Appendix D. Site Photos and Maps for 60 GHz Measurement Campaign

Figure 71: Location 1 — hallway on the third floor of NEB building.
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Figure 72: Location 2 — hallway on the second floor of Whittemore building.
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Location 3. NEB Conference Room
I
o] L
0Ty Length=6.7m
- Width=5.9m
Height=4.3m
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ORx1 T/
I
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Figure 73: Location 3 — conference room in NEB.
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Location 4. Whittemore classroom
L=8.4m, W=7.1m, H=4.3 m

Figure 74: Location 4 — classroom in Whittemore.



Appendix D. Site Photos and Maps for 60 GHz Measurement Campaign 192

Location 5: hallway to Lab2 (NEB 471).
Location 6: Lab2 to Lab 1 (NEB475).
Location 6
Lab1:
ORx L=5.1m
Lab1 L W=4.2m
" J Lab3 H=4.3m
O Tx |
Rx10 O Tx1
=
Rx20  OTx2
| —]
Location 5 Lab2:
L=11.7m
W=5.1m
H=4.3m
Lab2 Labd

Figure 75: Location 5 — from hallway into Lab 2 in NEB, and location 6 — from Lab 2 to Lab 3 in
NEB.
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Location 8. Outdoor near NEB

NEB

3.5m
2m
Tx ® Rx

Figure 76: Location 8 — outdoor near NEB building.
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Figure 77: Location 1.2 — hallway on the third floor of NEB building, near the transmitter.
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Figure 78: Location 1.4 — hallway on the third floor of NEB building, open area near elevator.

LRI

Figure 79: Location 1.7 — hallway on the third floor of NEB building, far from transmitter.
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Figure 81: Location 3.1 — conference room 460 in NEB building.
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Figure 83: Location 5.1 — measurements within the lab.
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Figure 85: Location 6: measurements from room to room through a wall .



Appendix D. Site Photos and Maps for 60 GHz Measurement Campaign 199

Figure 86: Location 7 — outdoor measurments in a parking lot.

Figure 87: Location 8: outdoor measurements near a stone wall of NEB building.



Appendix E

Abbreviations and Acronyms

AMPS: Advanced Mobile Phone Systems

AOA: Angle of Arrival

ART: Advanced Radio Telecom Corporation

ATM: Asynchronous Transfer Mode

B-ISDN: Broadband Integrated Services Digital Network
BER: Bit Error Rate

CW: Continuous Wave

DSP: Digital Signal Processing

EIRP: Effective Isotropic Radiated Power

EM: Electro-Magnetic

ETSI: European Telecommunications Standard Institute
FCC: Federal Communications Commission

GSM: Global System for Mobile

HIPERLAN: High-Performance Radio Local Area Network
HDTV: High Definition Television

1C: Integrated Circuits

IF: Intermediate Frequency

ISI: Intersymbol Interference

ISM: Industrial, Scientific, and Medical band
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ITS: Intelligent Transport Systems

LMDS: Local Multipoint Distribution Services
LMCS: Local Multipoint Communications Services
LO: Local Oscillator

LOS: Line of Sight

MBS: Mobile Broadband Systems

MMIC: Microwave and Millimeter-wave Monolithic 1C
NGI: Next Generation Internet

NII: National Information Infrastructure
NLOS: Non Line of Sight

PAP: Power Angle Profile

PBX: Private-Branch Exchange

PCN: Personal Communication Network

PCS: Personal Communications Services
PDF': Probability Density Function

PDP: Power Delay Profile

PN: Pseudo-Noise

RF: Radio Frequency

SCS: Sliding Correlator System

SNR: Signal to Noise Ratio

TIP: Two-Wave with Incoherent Power

TOA: Time of Arrival

UHF': Ultrahigh Frequency

VHSIC: Very High Speed Integrated Circuit
VNA: Vector Network Analyzer

XPD: Cross-Polarization Discrimination
WLAN: Wireless Local Area Network

WLL: Wireless Local Loop Telephony
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