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ABSTRACT

Emerging technologies such as wireless local area networks and cellular telephones
have dramatically increased the use of wireless communications services within the last 10
years. The shortage of available spectrum exists due to increasing demand for wireless
services and current spectrum allocation regulations. To alleviate this shortage, Research
aims to improve spectral efficiency and to allow spectrum sharing between separately

managed and non-coordinating communications systems.

This thesis explores the feasibility of spectrum sharing between airborne weather
radar and wireless local area networks at 9.3 GHz — 9.5 GHz. Characteristics of flight paths
of aircraft using airborne weather radar and the low duty cycle of radar transmissions offer
unique opportunities for spectrum sharing. But it was found that the extremely sensitive
receivers provide challenges for designing a communications system meant for widespread
use. The probability of causing harmful interference to airborne weather radar is too great
for most types of wireless local area networks, but a direct sequence spread spectrum scheme
could share spectrum with airborne weather radar. Bit errors in wireless local area network
links caused by airborne weather radar interference do not significantly decrease the
performance of the wireless local area network system. The distribution of interference
outside of the airborne weather radar receiver by using direct sequence spread spectrum
combined with the acceptable bit error rates indicate that while spectrum sharing between
airborne weather radar and wireless local area network at 9.3 GHz — 9.5 GHz is not feasible,
direct sequence spread spectrum systems can share spectrum with airborne weather radars

under more limited assumptions.
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Chapter 1

Introduction

1.1 Introduction

Emerging technologies such as wireless local area networks and cellular telephones
have dramatically increased the use of wireless communications services within the last 10
years [1]. The shortage of available spectrum exists due to increasing demand for wireless

services and current spectrum allocation regulations.

Research aims to improve spectral efficiency and to allow spectrum sharing between
separately managed and non-coordinating communications systems. Current research
focuses on complex sharing schemes at frequencies used for communications below
5.5 GHz. The complex sharing schemes include dynamic frequency selection, interference

mitigation, and the concept of cognitive radio. [2-10]

Spectrum sharing in frequencies occupied by services other than communications can
provide possible solutions to spectrum shortage. Spectrum from 9.3 GHz — 9.5 GHz is one
such set of frequencies that is not currently allocated to radio communications devices. This
spectrum is allocated to airborne weather radar (AWR) as a primary service [11, 12] (FCC
Subpart e, 87.173(b)). Airborne weather radars are geographically sparse [13] and transmit
intermittently. These two characteristics, in conjunction with the transmit powers and
altitude of the aircraft, may allow spectrum sharing with wireless local area networks

(WLANS).

This thesis explores the feasibility of spectrum sharing between airborne weather

radar and wireless local area networks at 9.3GHz — 9.5GHz. Analysis of flight paths of
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aircraft using airborne weather radar and the radar transceivers is conducted to determine if
airborne weather radars have characteristics that allow spectrum sharing. Calculation of
levels of radio frequency (RF) interference inflicted by wireless local area networks on
airborne weather radar determines if RF interference on airborne weather radar prevents
spectrum sharing. The level of interference from airborne weather radar into wireless local
area networks is also calculated. This level of interference determines the bit error rate of
wireless local area networks in the presence of airborne weather radar. Bit error rates that are

too high will prevent spectrum sharing.

1.2 Analysis of Interference

Airborne weather radars are used on commercial aircraft to detect harmful weather
phenomenon. Most commercial aircraft travel in jetways or Victor airways. Airborne
weather radar (AWR) use in these two airways is analyzed in this thesis to determine if
spectrum sharing is feasible between AWRs and wireless local area networks (WLANS).
The first scenario considers WLANSs operating under a jetway. Jetways are heavily traveled
by aircraft carrying AWR. The second scenario considers WLANSs operating under a Victor
airway. A Victor airway is the lowest altitude airspace regularly traveled by passenger
aircraft carrying AWR. These two scenarios represent the worst possible conditions for
spectrum sharing between AWR and WLANSs based on the characteristics of aircraft
operating under air traffic control. Total effective interference and BER in shared spectrum
is used to analyze the scenarios. Total effective interference is used to determine the amount
of RF interference inflicted on an AWR. The BER in shared spectrum is used to determine
the performance of a WLAN. Analysis of these scenarios requires consideration of the
properties of jetways and Victor airways, flight characteristics of aircraft carrying AWR,

characteristics of AWR, and characteristics of WLANSs.
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The first scenario considers WLANSs operating under a jetway. Jetways are airspace
routes established by the Federal Aviation Administration (FAA) to carry air traffic at
altitudes from 5486 meters (18,000 feet) above mean sea level to 18,228 meters
(60,000 feet) mean sea level. Mean sea level (MSL) is the height of an object referenced
from sea level. The FAA defines jetways as Class A airspace which are governed by strict
aircraft separation rules. Separation between aircraft is maintained with the aid of ground
based radar and air traffic control. Jetway traffic constitutes most aircraft flying above 5486
meters (18,000 feet) MSL. A jetway is the heaviest traveled airspace by aircraft carrying
AWR; therefore, a scenario considering WLANS operating under a jetway is an indicator of

one possible worst case performance of WLANs and AWR in shared spectrum. [14, 15]

The second scenario considers WLANS operating beneath a Victor airway. Victor
airways are also airspace which designates a route in air, but Victor airways are at altitudes
from 366 meters (1,200 feet) above ground level (AGL) to 5486 meters (18,000 feet) MSL.
The FAA defines Victor airways as Class E airspace. Class E airspace is governed by
aircraft separation rules which are maintained visually, or by ground based radar and air
traffic control. A Victor airway is the lowest altitude route in which aircraft carry AWR;
therefore, this scenario is also an indicator of worst case performance for AWR and WLANSs

operating in shared spectrum. [14, 15]

There are scenarios where spectrum sharing would not be feasible such as on
approach paths to airports. These scenarios are not considered in this thesis and regulation

restricting use of WLANSs would remain intact.

Analyses of the two scenarios require examination of the characteristics of typical
AWREs, typical aircraft carrying AWR, and WLANSs. The characteristics examined for
aircraft are velocity, altitude, and time interval between aircraft. Tilt angle, beamwidth, pulse
power, occupied bandwidth, receiver bandwidth and maximum tolerable interference are
examined for AWR. The characteristics examined for WLANSs are transmit power, link

density, spectrum spreading techniques, and transmit radio frequency.
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To aid analysis of the scenarios, the characteristics of AWRs and WLANSs are
combined into the concept of total effective interference. Total effective interference is
directly related to a subset of AWR characteristics (tilt angle, beamwidth, and receiver
bandwidth), aircraft characteristic (altitude and range of the aircraft), and WLAN
characteristics (transmit power, link density, spectrum spreading techniques, and transmit
frequency). By adjusting the parameters of total effective interference, as defined by the
scenario, the level of interference in an AWR from a WLAN can be quickly calculated. The
metric used to measure the amount of interference inflicted by a WLAN on an AWR is

interference to noise ratio (I/N).1

Interference from an AWR to a WLAN and interference from a WLAN to an AWR
each require unique metrics and framework for analysis. The likelihood of interference from
WLAN links exceeding the acceptable I/N of an AWR receiver determines if spectrum
sharing is feasible. This likelihood depends on the physical separation between WLANSs and
the AWR, the transmit power of WLAN devices, and the link density of WLANs. These
parameters determine how many WLAN will interfere with the AWR receiver and the
strength of the received interference. Performance of WLAN links is measured by the bit
error rate. Bit errors occur as AWRSs transmit into a coverage area where the WLAN links
are located. The more often a present AWR transmits or the more AWRSs that are present,

the higher the bit error rate of affected WLAN links.

! Although range reduction has been proposed as a metric for interference effects on radar, research ([16])
shows that interference to noise ratio correlates better with degradation of performance in radar systems.
Performance of radar systems is defined as decreasing probability of detection of desired targets and increase in

the amount of interference displayed to the operator.
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1.3 Thesis Overview

Chapter 1 identifies the need for spectrum sharing, describes the methods of analysis
used, and provides an overview of the thesis. Chapter 2 discusses relevant technical topics
including prior research pertaining to RF interference into radar ([16-20]), communication
systems, and principles of AWR ([21-26]). Also, Chapter 2 reviews regulatory issues ([11,
27]) for spectrum sharing. Chapter 3 provides a full discussion of the analysis framework for
interference into an AWR and quantifies the scenarios considered in this thesis. Chapter 4
derives the BER of WLAN links in shared spectrum with an AWR. Chapter 5 analyzes the
scenarios and presents results of the analysis. Chapter 6 provides key findings and direction

for future work.
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Chapter 2
Spectrum Sharing

The bandwidth of radar and communications systems, propagation of electromagnetic
signals, and receiver design will determine the feasibility of spectrum sharing between
airborne weather radar and wireless local area networks. This chapter introduces these topics
and provides the basis for development of metrics and analysis of the effects of interference

in shared spectrum.

The occupied bandwidth of AWRs and WLANSs determines the possibility of sharing
spectrum in the dimension of frequency. Transmitting AWRSs occupy the entire 9.3 GHz —
9.5 GHz range; therefore, there is no allocated spectrum that is unused when an AWR is
present. This large occupied bandwidth prevents frequency separation, and thus necessitates

study of signal propagation and receivers of AWRs and WLANSs.

Interfering AWR transmissions in shared spectrum are modeled as a pulsed jammer
from the perspective of WLANSs. The effect of this interference is measured as the bit error
rate (BER) performance of communications systems afflicted by pulsed jamming. Maximum
allowable interference is the metric used for performance of an AWR afflicted by
interference from WLANs. This metric is the level of interference before any detrimental
effects occur. Whereas high BER can often be overcome by means of error correction and
detection, any level of interference above the maximum allowable interference in a radar
receiver is considered unacceptable. The maximum allowable interference into a radar has
been determined by the NTIA report “Effects of RF Interference on Radar Receivers” ([16])

through analytical and experimental research.

A discussion of regulatory issues is also required to determine the feasibility of

spectrum sharing. Spectrum sharing is not possible without approval of the Federal
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Communications Commission (FCC), National Telecommunications and Information
Administration (NTIA) and the International Telecommunications Union (ITU). These
regulatory bodies establish requirements pertaining to spectrum allocations, allowable

emissions, and sharing of spectrum.

2.1 Radio Spectrum

Spectrum is the range of electromagnetic (EM) waves® with frequencies from
1 Hz — 10** Hz. These waves are equivalently described by either wavelength (in meters) or
frequency (in hertz) because the product of frequency and wavelength equals the speed of

light.

EM signals can be described by power spectral density of the signal (PSD), also
called the signal’s frequency content, and the frequencies that the signal occupies. Spectrum
and frequency both refer to the occupied frequencies of a signal and are used

interchangeably.

Radio frequency spectrum is a subset of electromagnetic spectrum ranging from
3 kHz — 300 GHz [28]. The RF spectrum from 1 MHz — 40 GHz contains frequencies most
commonly used by services such as communications and radio detection and ranging (radar).

Figure 2-1 shows the entire electromagnetic spectrum including the RF frequency range.

2 . [ . .
Electromagnetic waves are called waves, emissions or signals depending on context.

2-2



Fadia Window . Infrared Windows Eopn'caf Winrdow
- ; - - - - E-

- »
i——  Radio Freqguency Specirim  —— t—— Optieal Spactrum ———

Visible Light
INFRARED | JULTRA-VIOLET | X-RAYS “é‘ﬂ,"‘é"‘
BAND WLF LF MF_HF WHF UHF SHF EHF i —
L | | | | I I | | | | I ] 1
FREQUENCY (HZ) 3x|Ua 3x|0‘31|05 3::10“ 3|II}-II 3“0-3 E-HCIE 3-‘;131[:- 3«1[!‘”| .3:"012 3110” 31‘-:]“ :htmls 3x|3IE J\HOI? 5|-'1l}-3 .'jx!ﬂ-la 3‘;1023
WAVELEMGTH 100 km 10km 1Tkm 100m 10m im 10cm 1om Tmm 11Wwm fpm 10nm 1 rm 10 prme 1 pm 101fm 11fm 10 ami

Figure 2-1. Electromagnetic spectrum from NTIA document [28].

Services are allocated to different parts of the RF spectrum to prevent interference
between and within the allocated parts of the RF spectrum. Allocations for spectrum can be
licensed or unlicensed. Regulations limit interference and allow sharing of the finite RF

spectrum range for both licensed and unlicensed spectrum allocations.

Often a license is required to operate in allocated spectrum. Depending on
regulations, the license can limit the geographic region of operation, times of allowed
operation, and frequency content of emissions; thereby, providing spectrum sharing in the
dimensions of space, time, and frequency. Licenses to operate in spectrum are often acquired
from the FCC through allocation auctions that can reach billions of dollars. In turn, the FCC

guarantees license holders protection from interference in their allocated spectrum.

Some spectrum, such as frequencies from 2.4 GHz — 2.4835 GHz and
5.15 GHz - 5.25 GHz, is called unlicensed spectrum. No license is required to operate in this
spectrum allowing end users to purchase and deploy devices without restrictions on their
operation. The FCC does impose limits on power and frequency content of emissions
produced by devices operating in unlicensed spectrum but unlike licensed spectrum,

protection from interference is not guaranteed.

The bandwidth of a signal is the spectrum that the signal occupies at power levels

above a specified threshold; alternatively, the power of the signal can be specified relative to
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the peak power. For example, the energy spectral density in Figure 2-2 shows the bandwidth
of a signal. The signal is centered at frequency f. with a bandpass bandwidth of 20 MHz

measured at 60 dB below peak power.

10}
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Frequency, relative to center frequency f. (MHz)

Figure 2-2. Energy spectral density of a signal with 60dB bandwidth of 20 MHz. The
frequency content of a signal defined by the energy spectral density. The signal has a
center frequency of f, and a 60 dB bandpass bandwidth of 20 MHz.
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2.2 Occupied Bandwidth of Radars and Communications

Transmissions

The occupied bandwidth of airborne weather radars (AWRs) and wireless local area
networks (WLANs) determines the possibility of sharing spectrum in the dimension of
frequency. Spectrum can be shared by assigning different frequencies or opportunistically
using unused frequencies in an allocated band. This cannot be done in this case because
transmitting AWRs can occupy the entire 9.3 GHz — 9.5 GHz range; therefore, there is no

allocated spectrum that is unused when an AWR is present.

The bandwidth of an AWR is estimated by models provide by the National
Telecommunications Information Administration (NTIA). These models show that AWR
emissions are wideband, occupying the entire 9.3 GHz — 9.5 GHz range. Additionally, the
bandpass bandwidth of communications systems is defined in terms of the modulation

scheme of the system.

2.2.1 Occupied Bandwidth of Radar Transmissions

Radars operate by transmitting pulses and receiving signals scattered back by targets
to determine range, velocity, and type of target. Pulses used by radars are subject to
regulations established by the FCC. Regulation for maximum bandwidth and power are
defined mathematically by a plot called a spectrum mask. Spectrum masks are calculated
from a radar pulse shape model developed by the NTIA [25, 29]. The pulse shape model is
defined in the time domain but the spectrum mask fully describes the maximum allowable

emissions in the frequency domain.

Figure 2-3 shows a typical spectrum mask of a radar pulse overlaid with the
frequency response of the pulse measured from a live test. The mask is shown by a dashed
line and the pulse spectrum is a solid line. The frequency response complies with regulation

by not exceeding the spectrum mask.

2-5



20

0 i
(N
| |
20 L
I
RN

40 TR —— Measured

’ N ----Mask 1

-60 — a
80 - /"\ﬂ/ \'\\.,\\\”"-*—— ———————————————————

2550 2650 2750 2850 2950 3050 3150 3250 3350
Frequency, MHz

Received Power Normalized to Maximum (dB)

Figure 2-3. Spectrum mask with spectrum data from an aeronautical radionavigation radar.
Measured data were collected from a live test. From NTIA document [25, 29].

The model pulse shape does not regulate the time pulses; in fact, the model is defined
by parameters measured from radar time pulses. Spectrum masks which are calculated from
the model regulate radar emissions. Figure 2-4 shows the NTIA defined pulse shape model
[25]. Additionally, the NTIA supplies a software program, [29], to calculate the spectrum
mask from the radar pulse shape’s time domain parameters. The following description

provided by the NTIA clearly defines the model parameters [25]:

“Pulse width, t, is defined at the 6dB points (50% voltage points) of radar
pulses. The rise time, t;, or fall time, t;, is measured between the 10%—-90%
voltage (-20dB to -0.9dB) points on a pulse’s leading or trailing edge,
respectively, as shown in [Figure 2-4]. For coded pulses, t, and t; are the rise
and fall times of the sub-pulses. If sub-pulses are not discernable, then t; is
defined to be 40% of the time required to switch from one phase or chip to
the next.”

When using a linear scale the parameters are described as percent of peak voltage. On the

logarithmic scale the measurements are relative to peak power. In general, shorter pulse
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width, steeper rise times, and steeper fall times will require wider allowed bandwidth in the

spectrum mask.
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Figure 2-4. Radar pulse shape model for radar as defined by the NTIA in [25].

Figure 2-5 shows a pulse measured from a live test of a weather radar. These data
were measured from a radar operating on a single frequency, with a fixed pulse repetition
rate and no modulation [25]. Notice that the pulse shape in Figure 2-5 does not exactly
adhere to the pulse shape model in Figure 2-4. Nevertheless, a spectrum mask is calculated,
shown in Figure 2-6, by inputting the pulse width and rise time of the measured pulse into the

NTIA provided software.
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Figure 2-5. Weather radar pulse operating on a single frequency, with a fixed pulse
repetition rate and no modulation shown in NTIA document [25].

The spectrum mask in Figure 2-6 calculated from a tested airborne weather radar is

divided into three regions. The first region is the peak power region; emissions in these

frequencies are allowed peak power. The peak power region would typically contain the

main lobe of the pulse and any high power sidelobes. The second region is the 40 dB region.

This region limits emissions to 40 dB below peak power and slowly dies off to 60 dB below

peak power. The 60 dB region defines where the spectrum has almost completely died off

and extends to all bands outside of the 40 dB region.
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Figure 2-6. Spectrum mask for weather radar of the pulse shape shown in Figure 2-5. This
mask was calculated using NTIA supplied software [29].

2.2.1.1 Occupied Bandwidth of Airborne Weather Radars

Airborne weather radar typically occupies a large amount of bandwidth. Figure 2-7
shows the spectrum mask of three different types of pulses from an airborne weather radar
(AWR). The parameters of typical AWR pulses were extracted from [16]. The AWR on
page 125 of [16] is used as an example throughout this thesis. The spectrum mask for an
unmodulated pulse produced by the AWR is shown as a solid line in Figure 2-7. The dashed
line shows Mask 2. Mask 2 is produced from the specifications for a pulse coded with a

Barker sequence. Mask 3 is a frequency hopping pulse shown as a dotted line.

Mask 1 in Figure 2-7 was produced using the specifications for an unmodulated pulse
typical of AWR. The pulse width is 0.19 ps, the rise time is 0.01 ps, and the pulse repetition
frequency (prf) is 2000 pulses per second (pps). The spectrum of this pulse shape is allowed
142 MHz of bandwidth at peak power before it must be reduced to 40 dB below peak power.

Mask 2 was produced using a coded pulse, modulated by a Barker sequence. Mask 2 has a
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much smaller bandwidth than Mask 1: 1 MHz at peak power compared to 142 MHz. The
smaller bandwidth of Mask 2 is due to its greater pulse width of 234 us and a longer rise/fall
time of 1 us. Mask 3 is defined by a frequency hopping waveform. The pulse shape used is
the same as for Mask 1, but the pulses are hopped to different center frequencies from 9310

MHz to 9410 MHz. Frequency hopping increases the bandwidth at peak power to 242 MHz.
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Figure 2-7. Spectrum mask for an airborne weather radar calculated. The specifications for
the radar pulse was extracted from [16], and the mask was calculated using NTIA supplied
software [29]. This radar is typical for an airborne weather radar and used as a baseline
throughout this thesis.

Occupied bandwidth of airborne weather radar is estimated from the spectrum masks
in Figure 2-7 . This estimation was necessary because data on typical airborne weather radar
pulse spectra could not be found in the literature. Mask 1 and Mask 3 show that radar pulses
from a typical airborne weather radar can occupy large portions of the allocated spectrum.
Additionally, airborne weather radar operating in the frequency range from 9.3 GHz —

9.5 GHz are exempt from adhering to spectrum masks defined by [25, 29] as noted in

Chapter 5, Section 5.5.1 of [12]. Due to the wide bandwidth estimates via spectrum masks
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and lack of regulations, it must be assumed that the entire band of 9.3 GHz — 9.5 GHz is

occupied when an airborne weather radar is transmitting.

2.2.2 Occupied Bandwidth of Communications Transmissions

Radar and communications systems have fundamentally different functions that
require different pulse shapes. Radar systems use pulses for ranging and detection while
digital communications systems use pulses to transmit information bearing symbols. The
goal of digital communications systems is to transmit undistorted symbols at the fastest

possible rate using the minimum possible bandwidth.

The maximum rate of undistorted symbol transfer is achieved by using pulses that
satisfy the Nyquist zero intersymbol interference (ISI) criterion. The Nyquist zero ISI
criterion states that an arbitrary pulse shape can be used regardless of its duration in time if
every pulse in a pulse stream except for the current pulse equals a constant at integer
multiples of the pulse period. We will concentrate our analysis on raised cosine pulses which

are zero ISI pulses widely used to design and analyze communications systems.

The bandwidth of a pulse stream is measured by the power spectral density (PSD) of
the pulse stream. The PSD is determined by the energy spectral density (ESD) of the pulse
shapes used in the stream. Bandwidth of the ESD, which gives the bandwidth of the signal,
is determined by the pulse shape in time and the symbol rate. The time pulse determines the

general shape of the ESD while the symbol rate determines the bandwidth of the ESD.

How the bit rate and pulse shape determine the ESD which give the bandwidth of a
signal as represented by the PSD is briefly justified below. The power spectral density
(PSD), shown in (2.1), measures the bandwidth of a pulse stream [30].
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The first term of (2.1), ;

s

2
a

2 depends on the ESD of the pulse shape, |G(f)I,

G(f)

and the variance of the data, o.. The ESD of the pulse shape is the only parameter of the

first term that is a function of frequency and therefore is the only term that defines

i)

my, and the ESD. The second term has one parameter that is a function of frequency. The

o

bandwidth. The second term, ’;“ z

s n=—o

2
o ( f —%j , depends on the mean of the data,

N

delta function, & ( f —%j , causes spectral lines within the bandwidth of the pulse ESD [31].

The symbol period is T, and # is all integer values from negative infinity to positive infinity.
Notice that the only frequency dependent term is the ESD of the pulse shape assuming that
the mean of the data is zero. This thesis assumes zero mean data by using bi-polar non-return
to zero pulses and thus the bandwidth of the signal depends only on the ESD of the pulse
shape.

The total bandwidth of the ESD is determined by the specific parameters of the pulse
in time. The ESD is dependent on the symbol rate; as the symbol rate increases bandwidth
increases. Pulse shapes which spread the signal beyond a symbol period, such as sinc or
raised cosine pulses, typically have lower bandwidth than pulses which are entirely contained
within a symbol duration, such as a rect pulse. Higher symbol rates typically increase
occupied bandwidth by decreasing the pulse width. Table 2-1 shows the total occupied
bandpass bandwidth of phase or amplitude modulated signals that are commonly studied.

The roll-off factor of a raised cosine pulse is a, and R; is the symbol rate in seconds.
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Pulse Shape Total Occupied Bandpass Bandwidth, W Hz

rect pulse infinite, dies off slowly
sinc pulse W =R
raised cosine pulse W=R (1+a)

Table 2-1. Total occupied bandpass bandwidth, W, of phase or amplitude modulated
signals using rect, sinc, and raised cosine pulses. The roll-off factor of a raised cosine pulse
is a and R; is the symbol rate in seconds. The first null-to-null bandwidth of a rect pulse in
time is 2R..

2.3 Propagation, Noise, and Interference

Operating in different frequencies is one method to avoid interference between two
systems. Section 2.2 showed that airborne weather radar cannot be assumed to be using any
less than the entire 9.3 GHz — 9.5 GHz frequency range. But, the same frequencies can be
shared by two systems if the power of received emissions is below a harmful level. The
power of received emissions is reduced by physical separation between the transmitter and

receiver.

2.3.1 Path Loss

Electromagnetic transmissions lose power as they traverse a distance due to spreading
of the signal. The phenomenon of decreasing power due to distance is called path loss and is
modeled by the free space path loss equation. The free space path loss equation, also called

the Friis transmission formula, is [31].

2
P =PG,G, (Lj watts (2.2)
47R
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Received power, P,, calculated by (2.2) depends on the transmitter power, P,, the

. . . . 47 R ?
transmitter antenna gain, G,, the receiver antenna gain, G,, and free space pass loss, T .

The transmitter and received power are in units of watts and the antenna gains are unitless.
The total received power decreases with the square of distance. An AWR in flight has a
direct line of sight to WLANSs while allowing the use of (2.2) to model the received power
from or to an AWR. Holding antenna gains constant, the path loss depends on the
wavelength of the transmission, A, in meters, and the distance between transmitter and
receiver, R, in meters. Distance between the transmitter and receiver has a large effect on the
received power because P, decreases with the square of distance, R. The free space model
can be modified to include losses from imperfect system components or losses from
environmental factors which are often grouped into a parameter called miscellaneous loss,

Lm isce

2.3.2 Scattering

Radars operate by transmitting electromagnetic waves and receiving the scatter
returned from targets. The radar equation, shown in (2.3), models scattered waves as
retransmissions of the original wave. Modeling scattering as a retransmission means that

received power is reduced by range, R, in meters, raised to the fourth power.

2 2192
P :Pth( A j o hG Ao waltts (2.3)

’ 47R) 4nR (47)' R’
2
The first term of (2.3), PG* (ﬁj , represents the parameters of the radar antenna,
y/4

transmitter, and path loss. The parameter P; is the transmit power in watts and G is the gain
o

of the antenna. The second term, IaRE models back scatter from the target. The energy
T

scattered back to the radar depends on the radar cross section of the target, ¢, and an R? term
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modeling the path loss back to the radar. The radar cross section is measured in meters
squared and is determined by the target’s physical size, shape, and material. Radar cross

sections are difficult to calculate and are determined experimentally.

2.3.3 Noise and Interference

The effects of path loss reduce the received signal power significantly from the
original transmitted power. At long ranges, the low power received signal becomes difficult

to detect due to noise and interference introduced into the system.

Noise is unwanted energy introduced into any receiver from internal components of
the receiver, natural sources, and from manmade devices that are not intentional radio
transmitters. Noise generated by the internal components of the receiver, called thermal
noise, is the fundamental limiting factor in receiver performance. Natural sources of noise
are thermal emissions from the atmosphere (clear air and during precipitation), cosmic
radiators such as the sun, or other black body emitters in the environment. Unintentional
manmade sources of noise include RF emissions from electric motors, above-ground power

lines, and automotive ignition systems. [16]

“Randomly distributed radio energy from all sources, both natural and manmade,
combines to generate overall environmental background noise against which the radar
receiver must always perform” [16]. Noise sources are unavoidable and generally
uncontrollable, but background noise can be predicted and modeled with high reliability [16].
Thermal noise is modeled as additive white Gaussian noise (AWGN). AWGN is present at
all frequencies with equal power, and all samples of the noise in time are uncorrelated and
have a Gaussian probability distribution function. This important assumption is the basis of
bit error rate (BER) calculations in communications systems. The noise power at the

receiver, Ny, in watts is.

N, =kT B, watts (2.4)
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The equivalent noise temperature, 7,, in degrees kelvin is total noise introduced into
the receiver with all sources of noise modeled as a single black body radiator with
temperature 7, [31, 32]. The noise bandwidth, R;, in hertz is the data rate assuming raise
cosine pulses, and k is the Boltzmann constant. Often a noise figure, F, is quoted as a
measurement of the total noise of a system. The noise figure is related to 7, by (2.5). The
noise figure must be a linear ratio (not in decibels) when used in (2.5). The reference

temperature, T, is typically 290° K [33].
T, =T,(F —1) kelvin (2.5)

Interference is unwanted radio energy (or the effects of) introduced into receivers
from manmade, intentional radio transmitter sources such as communications or radar
devices. Interference spectra and statistical characteristics are different from noise. Like
noise, interference degrades radar receiver performance; unlike noise, interference can be
controlled or avoided through spectrum engineering and spectrum management. An
extensive study into the effects of manmade interference on radar was conducted by the

NTIA in [16].

2.3.4 Absorption

Absorption occurs when an EM wave comes in contact with a medium and energy is
lost into the medium. Atmospheric absorption, attenuation of EM waves due to clear air, is
negligible for frequencies below 10 GHz adding only 0.1 dB at 100 km [34]. Distances
much smaller than 100 km are considered in this thesis and we can safely excluded clear air
absorption in calculations for this study. To conduct a worst case analysis, attenuation

caused by precipitation, though potentially large at 10 GHz, will not be considered.

Absorption losses by materials that are commonly found in urban and suburban
environments are summarized in [35]. From [35] it can be inferred that a reasonable loss due

to absorption of a wave propagating through a building is 6 dB. We will assume that the



WLAN communications system is operated indoors and include this 6 dB in all link

calculations.

2.4 Probability of Bit Error in Communications Systems

Section 2.2.2 showed that communications systems are band limited. This allows
many different systems to operate at the same time and at the same place but at different
frequencies. Section 2.3 showed that power levels of signals decrease over increasing
distance. This allows for spectrum sharing of physically separated systems at the same
frequencies. Smaller bandwidth and lower transmit power will allow for greater sharing of
the spectrum, but smaller bandwidth limits achievable bit rate and insufficient power
increases bit errors. The ability of a receiver to properly decode the desired signal is limited
by the signal to noise ratio of the desired signal or interference caused by undesired signals

(signal to interference plus noise ratio).

A communications system can be modeled as a system in which information flows
from a transmitter, through a channel, and to a receiver. Figure 2-8 shows a block diagram of
the model of a digital communications system. Information is inputted into the transmitter
and converted into a waveform for transmission. The waveform is typically a high frequency
carrier modulated by an information bearing pulse stream. This waveform will occupy some
bandwidth depending on pulse shape and symbol rate. The center frequency of the signal
spectrum will be at the carrier frequency. As the signal is transported through the channel,
propagation effects, modeled by the free space equation (2.2), reduce the signal power by the
square of the distance. The signal is captured at the receiver and decoded to retrieve the

transmitted information.
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Figure 2-8. Model of a communications system. Information flows from the source, is
encoded for transmission, travels though the channel, then is recovered at the receiver for
delivery to the destination.

The bit error rate (BER) of a communications system in additive white Gaussian
noise (AWGN) is measured by transmitting a pulse stream, adding white Gaussian noise, and
decoding the symbol in the receiver. AWGN is present at all frequencies with equal power,
and all samples of AWGN in time are uncorrelated. During simulations, received bits are
compared to transmitted bits to determine the percent of bits that are different. This

percentage of incorrectly decoded bits is the BER.

An example of bit error in a baseband digital communications link is shown in
Figure 2-9. The transmit waveform is a sequence of rect pulses generated by modulating
information bearing symbols with a rect pulse train. The symbols used in generating the
waveform (shown as asterisks in Figure 2-9) can be two possible values: +1 or -1. The
symbols were modulated onto a rect pulse stream resulting in a polar non-return to zero
waveform. AWG noise was added to the signal resulting in the received signal power that is
twice as strong as the noise power; or equivalently stated, the received signal has a SNR of
3dB. Ninety eight percent of the symbols were correctly decoded resulting in a bit error rate

(BER) of 0.023 which agrees with the theoretical bit error rate at an SNR of 3 dB [32].
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Figure 2-9. Noise plus transmitted signal results in a noisy received signal. The transmit
signal is shown in the top left with the symbol values show as . The noise is shown in the
top right figure. The received signal ‘—, sent signal *---‘, and sampled symbol values ‘o’ are
shown in the bottom plot.

Symbols are decoded by sampling the signal at integer multiples of the pulse period
and using a decision rule to determine whether the transmitted symbol was 1 or 0. A bit error
occurs when the received bit is not decoded as the same value as the transmitted bit.
Assuming perfect synchronization and undistorted zero ISI pulse shapes, integer multiples of
the pulse period is the optimal sampling time to minimize BER. Though the time of

sampling is optimal, the BER of a received signal in AWGN is further optimized by using a

matched filter.
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A decoder that performs better than a simple sampler for zero ISI pulse in AWGN is a
matched filter. The matched filter provides the optimal SNR of the received signal corrupted
by AWGN, regardless of pulse shape. Optimality is achieved by maximizing signal power
and simultaneously minimizing noise power. The matched filter maximizes signal power by
convolving a time reversed pulse shape generated in the receiver with the received signal for
every pulse. The signal power is maximized because the convolution operation perfectly
correlates (correlation of +1 or -1) the incoming pulse with a matching time pulse generated
at the receiver. Because the noise is random and uncorrelated with the pulse shape the noise
is minimized. Under the assumption of perfect synchronization between the incoming signal
and the receiver and undistorted zero ISI pulse shapes the matched filter decoder provides the

minimum possible BER in AWGN.

The probability of bit error’ (BER), Pp, assuming binary modulation is shown in
(2.6). Equation (2.6) says that the BER is the probability of choosing the symbol b; when b,
is sent plus the probability of choosing by when b; was sent, weighted by the probability of

sending the respective symbol. The sent symbol is b while the received signal is the random
variable b . In the binary case, there are two possible values of b: b; and by, The probability

distribution of b is Gaussian given the value of b due to the AWGN assumption. The

probability of transmitting b; or by is typically assumed equally likely and thus
Plb=h]=Plb=b]=.
B|b#b|=P[b=b]P|b=b,1b=b, |+ P[b=b,P|b=b1b=b,] (2.6)

Equation (2.7) generalizes the BER for a signal modulation with M symbols. The
probability of symbol error is the probability that any symbol is misinterpreted for any other

3 Probability of bit error is often called the bit error rate (BER). Bit error rate is somewhat a misnomer as it is
not a rate but rather a probability, thus we attempt to use probability of bit error or BER as opposed to bit error

rate.
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symbol. From this general equation, the BER error of an arbitrary system can be modeled
assuming a know probability density function of the random variable b and probability of
transmitting a particular bit.

M-

Pe[l;;tb}zziP[bzbi]P[l;zbjlbzbi] 2.7

i=0 j=i+l

—_

~

Returning to the binary case, the BER for binary phase shift keying (BPSK) AWGN
is (2.8) [30]. The parameter E}, is the energy per bit and Ny/2 is the two sided noise power

u2

e

spectral density. The Q function is defined as Q(x) =%erfc (%j where erfc(x)= Ton
T

2E,
P, = Q[ V. J (2.8)

For phase modulated signals, the energy per bit to noise power spectral density ratio
(Ew/N,) can be converted to the more intuitive measurement of signal to noise ratio (SNR) by
using (2.10). Equation (2.10) is derived from (2.9) assuming an ideal receiver and phase
modulation. The SNR (linear) is equal to the energy-per-symbol ratio, E;, assuming an ideal
receiver using raised cosine pulses. The relationship between E; and Ej, is shown in (2.11)

where M is the number of possible symbols in an M-ary modulation scheme. [32]

S _SLB (2.9)
N N '
iz E, (2.10)
N N,
E =E,log,(M) (2.11)

The BER of non-coherent non-phase continuous M-ary frequency shift keying

(MFSK) assuming half of the bits are incorrect on a symbol error is given by (2.12) [36].
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Using (2.9) and noting that the bandwidth of non-coherent non-phase continuous MFSK is
(M +1)

, the BER can be expressed in terms of SNR as shown in (2.13).

M M—I(M —1) (_1)n+1 [_nloij—(lM)%J
n

P=—" 2.12
TP il (12)

. (G [ ) 2.13)

C2M-1)5G n ) n+l '

The probability of bit error due to a channel where an AWR is present can be
modeled as a pulsed jamming channel. The BER in a pulsed jamming channel is the
probability of bit error with no jammer plus probability of bit error with a jammer. These
probabilities are weighted by the probability that the jammer is present. Equation (2.14)

describes the probability of bit error in a jamming environment.
P, = P[no jammer ] P[errorlno jammer |+ P[ jammer] P[errorljammer]. (2.14)

During jamming the BER is related to the Ey/N, with jamming as shown in (2.15).
The jammer power spectral density, NV}, is the average power of the jammer divided by the
jammer bandwidth. Equation (2.15) assumes continuous jamming over the entire bandwidth

of the desired signal.

P[errorljammer | = Q[ 2E, J (2.15)
Ny+N,

In a spectrum sharing scenario, the emissions from a communications system’s
transmissions can cause interference to other systems in the shared spectrum. To minimize
this interference the transmit power of the communications system can be spread across a
larger bandwidth. Techniques to spread the transmitted signal over a bandwidth much larger
than the bandwidth necessary to carry the data are called spread spectrum techniques.

“Spread spectrum can be defined as any modulation technique which (a) occupies a
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bandwidth which is well beyond what is necessary for the data rate being transmitted and (b)
uses a pseudorandom signal to obtain the increased bandwidth.”[37] Use of spread spectrum
techniques gives the transmitted signal a noise like appearance with a low probability of
detection [37]. The noise-like and low probability of detection characteristics of the spread
signal can reduce the perceived interference on an unintended receiver by hiding the signal
below the noise floor of the receiver. In addition to offering less interference, spread

spectrum modulated signals are themselves resistant to interferers.

Two types of spread spectrum techniques are discussed: (1) direct sequence spread
spectrum (DSSS) and (2) frequency hopping spread spectrum (FHSS). DSSS “involves
increasing the signal bandwidth by multiplying the information signal by a high rate
spreading waveform. The symbols of the spreading waveform are typically pseudo-random
and are generated using a pseudo-random noise (PN) sequence.” [37] The high rate
spreading waveform spreads the bandwidth of the signal due to a Fourier relationship that
states that short pulses in time have large bandwidth. The chip rate, the symbol rate of the
spreading waveform, determines the occupied bandwidth of the signal dominating the
spectral effects of the symbol rate of the original unspread waveform. The ratio of the chip
rate to the bit rate is called the spreading gain and directly relates to the benefits provided by
spread spectrum [37]. FHSS spreads the data waveform by moving the frequency of the
carrier from one band to another in a pseudo-random fashion. A pseudorandom sequence is
used to change the center frequency of the carrier to one of N different non-overlapping
frequency channels. In FHSS the number of different hopping frequencies, N, is called the
spreading gain [37].

Sharing spectrum with AWRs will constitute a wideband pulsed jamming
environment for WLANSs. Resistance to this type of jamming can be achieved using spread

spectrum techniques. For a BPSK DSSS modulated link the probability of bit error is [37].

Pb=(1—p)Q( 2Eb]+pQ( _ 25 J 2.16)

N, Ny+N,/p
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The probability of bit error for DSSS in a pulse jamming environment is comprised of

two terms. The parameter p is the duty cycle of the jammer and the first term,

(1-p) Q( Nh j, is only in effect when the jammer is not transmitting. In this case the
0

BER of a BPSK DSSS modulated signal is identical to the AWGN case. The effects of the
jammer are reduced by the bandwidth of the spread signal due to the filter process in the
receiver to unspread the desired signal. The reduction of jammer power because of
despreading is one of the benefits of the spreading gain. Because the power of the jammer is
concentrated into a shorter time, the effective power of the jammer increases as the duty
cycle increases. This effect is shown as the scaling of the signal to interference ratio (SIR)
by the duty cycle in (2.17). Equation (2.17) simplifies (2.16) by assuming bit errors caused

by the pulsed jammer happen much more often than bit errors from noise [37].

2E
Pb=pQ[ T’OJ (2.17)

J

The BER of a FHSS link in a pulsed jamming environment can be analyzed with a
similar method as a DSSS in a pulsed jamming environment. Assuming the jammer occupies
the entire band of the spread waveform, we can again use equation (2.14) which describes the

probability of bit error in a jamming environment.

The probability of a FHSS signal in AWGN is the same as an MFSK signal. The
probability of bit error with no jammer is as shown in (2.18) [36]. In (2.18) there are M
possible symbols and k bits per symbol. The BER is the sum of all possible probabilities of
mistaking one symbol for another weighted by the probability of transmitting each symbol.

Again, E, is the energy per bit and Ny/2 is the two sided noise power spectral density.

oM (M- (=) e
Pe_Z(M—l)nZ_:‘( n j n+1 (218)
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Under the worst case assumptions that the probability of bit error during jamming is
50% and assuming that the jammer has a duty cycle of p, the probability of bit error for a
FH/SS signal afflicted by a pulsed jammer is

(g MG () S
f.=( p)Z(M—l)nZ_:‘( n jﬁ Ty 219

In shared spectrum the probability of bit error in a communications system is
determined by the received signal power, the noise power, by the likelihood of interference,
and the power of the interference. The bit error rate of a narrowband or spread spectrum
communications link in the presence of an AWR can be calculated assuming AWGN, zero
ISI received symbols, and no timing errors in the receiver. Received interference from an
AWR will typically be much greater than the received power of the desired signal and much
greater than the noise. This high power received interference allows the assumption that
BER during jamming is equal to 50%. The concepts and methods to calculate the probability
of bit errors for communications links in the presence of pulsed jammers, which parallel the
calculations for probability of bit error of WLANSs due to interference from an AWR, is used

to develop the final metrics for BER of WLAN links in shared spectrum.

2.5 Radar Systems

Radar is a system that uses electromagnetic waveforms to detect, locate, and measure
properties of objects at a distance. Any aircraft, ship, vehicle, terrain feature, and weather
phenomenon that reflect a sufficient amount of transmitted electromagnetic energy back to
the radar receiver can be detected and analyzed. Traditionally, objects of interest to radar are

called targets and returned scatters not of interest are called clutter [22].

Target presence, range, and angular position of targets are the fundamental

measurements for pulsed radar. The range of a target from the radar is determined by
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measuring the elapsed time between transmission of the pulse and receiving returned scatter.
The angular position is determined by the beamwidth of the antenna and the position of the
radar antenna as it sweeps 360° around the target area. Along with detection, range, and
location, sophisticated processing can be employed on the received signal to extract other

information. For example, AWRs display rain intensity and turbulence [21].

Figure 2-10 shows the operator’s view of the information collected by the radar
system. The presence of weather phenomenon is shown as colored areas over an axis
showing range and angular position. Range is shown on the display as circles marked by
tens of kilometers. Angular position is shown as 0° of azimuth on the y-axis and 90° on the
x-axis. The different colors show rain intensity of the targets. Geographic data is overlaid on

the display as red lines.
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Figure 2-10. Weather Radar Display. This display is a digital plan position indicator (PPI)
showing azimuth and range of targets (weather phenomenon). Colors of targets indicate
rain reflectivity, and the display is overlaid with geographic data shown as red lines. Image
used with permission from Environment Canada [38].

In the context of spectrum sharing between AWR and WLANSs we are only interested
in the coverage area of the radar. The coverage area is the area on the ground within the 3
dB beamwidth of a radar antenna pattern. We assume the coverage area is at the 0° azimuth
position of the radar because this is the longest possible time of illumination as AWR fly
directly over WLANs. Simple geometry using the beamwidth and distance from the radar to
the ground along with the vertical tilt angle of the radar dish is used to calculate the coverage

area. AWR beamwidths are typically from 2°- 5° degrees for both horizontal and vertical
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directions (see Appendix C) [21, 22, 24]. Figure 2-11 shows a representative antenna pattern
and identifies the beamwidth, 6. The beamwidth, sidelobe ratios (relative gain between main
lobe and sidelobe) and front-to-back ratio (relative gain between the main lobe and lobe

directly opposite of the main lobe) is consistent with radars from [21, 22, 24, 25].

bearn width

a00®

a0*

ara"

1807

Figure 2-11. Antenna pattern. Sidelobes and the rear of the pattern are low compared to
the main lobe. Image obtained from [24] used under term of the GNU Free Document
License.

The method used to calculate coverage area and coverage areas used in the scenarios
to analyze spectrum sharing is fully discussed in Chapter 3. The coverage area, (along with
link density of WLANS, transmit power of WLANSs links, radar receiver antenna gain) will

determine the amount of interference received by the radar

The interference into a radar receiver results in a loss of desired targets. The loss of
targets due to low levels of interference can be insidious in that they do not cause overt

indications such as strobes on a radar display. A characteristic of radar detectors called the
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constant false alarm rate (CFAR) detector explains the insidious nature of low level
interference. Figure 2-12 shows the insidious effects of low level interference while Figure
2-13 shows that high levels of interference obscure targets, but interference is easily

identified by the radar operator. [16]

Missing target

Missing target

—=gf}—— Time-lapse effect of

noarmal radar dieslay
PPl scanling

Missing target

Figure 2-12. Lost targets due to low levels of interference shown by experiments by NTIA in
[16].

2-29



UWRB interlerence has obscured video

tareets within strobe

UWRE mterference has generated
false tareets within strobe

I MHz prf, gated UWB interference with target

POWET INErease 3 dB above the value that

produced target Pd of (.90 percent.

Figure 2-13. High levels of interference from a single direction cause an obscuring strobe
on the radar display shown in experiments by NTIA in [16].

The likelihood that a target will be detected from reflected radar pulses, assuming that
a target is present, is given by the probability of detection, P,. The likelihood of the detector
perceiving a target, when there is in fact no target, is called the probability of false alarm.
These two probabilities cannot be simultaneously improved because they both increase with
decreasing detector thresholds. If the output of the detector is greater than the threshold then
a target is declared. If the output is less than the threshold, then no target is declared. High
thresholds reject more false alarms but decrease the probability of detection. Low thresholds
increase the probability of detection but also increase the probability of false alarm. Typical

radars employ constant false alarm rate (CFAR) detectors. The detector holds the false alarm
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rate constant by adjusting the detection threshold depending on signal power, level of noise,

and level of clutter [16].

As the false alarm rate is held constant, the probability of detection decreases with
additional noise, clutter, and interference. With less of these obscurities the threshold
decreases, holding the false alarm rate constant but increasing the probability of detection.
Interference causes the CFAR detector to automatically raise the detection threshold causing
loss of targets without the operator’s knowledge. Thus it is said that RF interference causes
insidious degradation of performance. The maximum amount of interference tolerable by

radar was determined analytically and experimentally in [16].

2.5.1 Maximum Allowable Interference into Airborne Weather Radar

The NTIA report “Effects of RF Interference on Radar Receivers”, [16], developed
analytical results and presented experimental results showing the maximum allowable
interference before degradations in AWR performance occur. Analytical results show that
AWR are vulnerable to interference to noise ratios (I/N) greater than -14 dB. Experimental
results show that I/N of -9 dB is the maximum allowable interference before detrimental
effects are seen by the operator of AWRs. Interference to noise ratio is the ratio of
interference power in watts relative to the noise power in watts. Thus the results of [16] state
that the interference received by a radar must be held nearly an order of magnitude below the
noise floor of the radar receiver. The noise floor of a typical AWR is -139 dBW (10™° W)
requiring extremely low levels of received interference on the order of 10™'® W. From [16] it
can be concluded that extremely low power transmissions from WLANS, or large physical
separation, are required between AWR and WLANSs to allow for spectrum sharing without

harmful interference.

The block diagram in Figure 2-14 illustrates the test configuration used in [16].
Targets and interference were injected with a hardline coupling before the RF filter as

opposed to radiated through the antenna. Hardline coupling allowed for precise
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quantification of the levels of interference and its effect on radar performance, whereas,
radiating targets and interference through the antenna could have caused undesired variations
in the experimental data. A spectrum analyzer placed directly after the intermediate
frequency (IF) filter was viewed to calibrate the I/N. The radar display after the detector and

signal processing state was viewed to monitor the effects of the interference.

Radar
Antenna

Transmitter

) =

Spectrum
T/R Swiltch Analyzer
waveguide (or circulator)
Wavequide
disconnection
1 a4 %D ,® F Depdion gt
Target e L (. i monitor
Generalor coupler Low-noise Down-
) amplifier conversion
L—)E] combiner (LMNA) stage
N
Interference
Generator

Figure 2-14. Block diagram of test configuration used in [16]. Synthetic targets and
interference signals are injected before the radio frequency filter. A spectrum analyzer
placed directly after the intermediate frequency filter is viewed to calibrate the interference to
noise ratio, and the display after the detector/signal processor is viewed to monitor the
effects of the interference.

Report [16] describes I/N measurements best by stating: “Whenever possible, the
relative levels of interference, /, and receiver noise, N, were directly measured as I/N ratios
within the IF section of each radar.... When no access was available to a radar’s IF section,
then the radar receiver noise figure was measured and the I/N levels were computed.”
When the I/N ratio could not be directly measured, noise power of the radar receiver was

calculated using N =kT,B,, as shown in (2.4). The equivalent noise temperature is
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calculated from measured noise figure of the radar receiver using 7, =7, (F —1) as defined in

(2.5).

All emissions radiated by interferers will not necessarily contribute to interference
power in the radar receiver. Any emissions outside of the IF bandwidth are rejected by the
RF filter. To account for filtering of out of band interference [16] defines the on-tuned
rejection factor (OTR). The OTR defines the lessened interference of emissions, in decibels,

with bandwidths wider than the radar receiver IF section as shown in (2.20).

(ij =(Lj —OTR dB (2.20)
N IF N T

where:

(I/N)ir = interference to noise ratio in the bandwidth of the radar IF stage;

(I/N)r = interference to noise ratio that would occur if the radar IF bandwidth were equal

to or wider than the bandwidth of the RF interference produced by the transmitter;
OTR = on-tuned rejection factor.

Report [16] defines the OTR, again in decibels, and all relevant parameters in (2.21)
OTR=0 for B, =2 B,

IF —

OTR =10log(B, /B,.) for B, <B, (2.21)

where
Bir = radar receiver IF 3 dB bandwidth (Hz);
Bt = transmitter 3 dB bandwidth of the interference signal (Hz).

2.6 Regulation of Spectrum Allocations
The National Telecommunications and Information Administration (NTIA), Federal

Communications Commission (FCC), and the International Telecommunications Union

(ITU) are regulatory bodies that coordinate standards and regulate spectrum. These
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regulatory bodies allocate spectrum to services on a primary or secondary basis and set limits

on maximum electromagnetic emissions in the occupied spectrum.

The NTIA “manages the Federal use of spectrum; performs cutting-edge
telecommunications research and engineering, including resolving technical
telecommunications issues for the Federal government and private sector; and administers
infrastructure and public telecommunications facilities grants.”[39] The NTIA also aids the
FCC in developing policy and engineering requirements. The NTIA line office, the Institute
for Telecommunications Sciences (ITS), provides engineering support by reporting on
research and experiments on the topic of spectrum sharing and interference into radar.
Several references used in this thesis on engineering and research topics as well as policy and

allocations topics were produced by the NTIA and its offices.

The primary means of information from the NTIA come from the NTIA Manual of
Regulations and Procedures for Federal Radio Frequency Management (Red Book), [12].

The relevant parts of [12] for this thesis are:
e Chapter 4 provides a table of spectrum allocations and associated footnotes.

e Chapter 5 provides definitions of electromagnetic emissions measurements and

requirements.
e Chapter 6 provides definitions of services for allocated spectrum.

e Chapter 10 provides policies and procedures for submission of electromagnetic

compatibility reviews for telecommunications systems.

The FCC is responsible for “processing applications for licenses and other filings;
analyzing complaints; conducting investigations; developing and implementing regulatory
programs; and taking part in hearings.”’[40]. The FCC is the regulatory body responsible for
managing spectrum allocations and maintaining policy. The references from the FCC used in
this thesis are primarily on the topic of policy and allocations which are codified in Title 47

of the Code of Federal Regulations, [41]. Relevant parts of [41] for this thesis are:
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e Part 2.1 provides legal definitions of all terms used by the FCC and NTIA.

e Part 2.100 provides a statement of international regulations in force and a definition

of how allocations are made.
e Part 2.105 provides definitions of secondary and primary services.
e Part 2.106 codifies the spectrum allocations made by the FCC or NTIA.
e Part 15 defines the operation of unlicensed devices.

Currently the 9.3GHz to 9.5GHz spectrum is allocated on a primary basis to
Radionavigation page; 4-47 of section 4.1.3 of [12]. FCC footnote US66 page 4-130 of
section 4.1.3 of [12] states, “The use of the band 9300-9500 MHz by the aeronautical
radionavigation service is limited to airborne radars and associated airborne beacons”.
Devices licensed to operate outside of USA and devices which are listed as secondary users

are not considered in this thesis.
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Chapter 3

Calculation of Interference Levels Caused by
Wireless Local Area Networks in Airborne Weather
Radar

Airborne weather radar (AWR) is designated as the primary service at 9.3 GHz —

9.5 GHz requiring any other system operating at these frequencies not to cause harmful
interference. The interference collectively produced by a large number of wireless local area
networks (WLANS) inside the coverage area of an AWR is measured by the total effective
interference. Any interference above the maximum allowable interference level (an
interference to noise ratio) is harmful to the AWR and must be avoided for spectrum sharing
to be feasible. To find these values, the coverage area of AWR is defined and quantified
using assumptions about aircraft flight patterns and AWR characteristics. The coverage area
and number of links causing interference is calculated in two scenarios that represent the
worst case for spectrum sharing: WLANSs operating under a heavily traveled jetway and
operating under a Victor airway. The scenarios and metrics developed in this chapter are

used to determine the feasibility of spectrum sharing between AWR and WLAN:S.

3.1 Assumptions for Interference Analysis

Several assumptions must be made to conduct analysis of spectrum sharing between
airborne weather radar (AWR) and wireless local area networks (WLANs). The possible
separations between AWR and WLANSs, which determine the received interference, is

limited by the flight characteristics of AWR capable aircraft. The area on the ground, called
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the coverage area, that defines where interference can occur between an AWRs and WLANSs
is determined by the aircraft altitude, antenna beamwidth, and antenna tilt angles of the
AWR. WLAN links which are assumed to be uniformly distributed within the coverage area
cause interference to the AWR. The density of the uniformly distributed links is based on
data collected by the US Census Bureau. These assumptions and metrics are applied to

specific scenarios in Chapter 5, completing the feasibility analysis.

3.1.1 Flight Characteristics of Airborne Weather Radar Capable Aircraft

The Federal Aviation Administration (FAA) regulates aircraft flight in the United
States by establishing and regulating air routes. Air routes most commonly traveled by
airborne weather radar capable aircraft are jetways and Victor airways. Interference analysis
is conducted for these two types of air routes because that is where the majority of AWRs are
expected. Radar instrumentation is required in jetways and many aircraft using Victor

airways also carry AWR [14].

Arrival and departure of aircraft into airports is not considered in this thesis and the
scope of analysis is limited to en route flight patterns. En route aircraft must stay within their
designated flight path as determined by air traffic control (ATC). A minimum of
3700 meters (2 nautical miles) must be maintained in front of, behind, and to the sides of all

aircraft. The minimum vertical separation between aircraft is 305 meters (1000 feet).

Jetways are airspace routes established by the FAA to carry air traffic at altitudes
from 5486 meters (18,000 feet) mean sea level to 18,228 meters (60,000 feet) mean sea level.
Mean sea level (MSL) is the height of an object referenced from sea level. The FAA defines
jetways as Class A airspace, which are governed by strict aircraft separation rules. A jetway
is the heaviest traveled airspace by aircraft carrying AWR; therefore, a scenario considering
WLANS operating under a jetway is an indicator of worst case performance of WLANs and
AWR in shared spectrum. Typical velocities of aircraft traveling in jetways are around 250

meters per second (about 485 knots). [14, 15]

3-2



Victor airways are another type of airspace route, but regulate air traffic at much
lower altitudes when compared to jetways. Victor airways, defined as Class E airspace by
the FAA, are at altitudes from 366 meters (1,200 feet) above ground level (AGL) to 5486
meters (18,000 feet) MSL. Class E airspace is governed by aircraft separation rules which
are maintained visually, or by radar and air traffic control. A Victor airway is the lowest
altitude route in which aircraft carry AWR; therefore, this scenario is also an indicator of
worst case performance for AWR and WLANSs operating in shared spectrum. Typical
velocities of AWR capable aircraft traveling in Victor airways will be between 100 and 200

meters per second (about 200 - 390 knots). [14, 15]

The possible altitudes of AWR capable aircraft are bounded by the regulations for
jetways and Victor airways, setting the bounds of possible coverage area size. The size and
distance of coverage areas will determine the amount of received interference from WLANS

into an AWR.

3.1.2 Typical Airborne Weather Radar

AWR specifications vary, but some generalizations can be made to create a typical
AWR to use in estimating performance. Specifications were collected from [16, 21, 42-44],
among other sources, and combined to form typical AWR with the parameters shown in

Table 3-1.
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Parameter Value

Peak Power 10,000 W
Pulse Repetition Frequency 1000 pps
Pulse Width 1 s

Duty Cycle 0.001 (0.1%)
Antenna Gain 32 dB
Vertical Beamwidth (3 dB) 5°
Horizontal Beamwidth (3 dB) 5°
Equivalent Power Vertical Beamwidth 5.2°
Equivalent Power Horizontal Beamwidth 5.2°

Tilt Angle -15°t0 15°
Scan Sector 90°
Receiver Bandwidth 2 MHz
Receiver System Noise Temperature 1580 K
Receiver Noise Floor -133.6 dBW
Maximum Allowable Received Interference Power -142.6 dBW
Maximum Allowable Interference ratio -9dB

(interference to noise ratio, I/N)

Table 3-1. Typical airborne weather radar specifications collected from [16, 21, 42-44]

The level of interference received by the AWR from a WLAN is determined by the
antenna gain in dB, beamwidth in degrees, and receiver bandwidth in MHz, transmit power
of WLAN links in watts, and link density in links per square kilometer. The parameters peak
power in watts, pulse repetition frequency in pulses per second, and pulse width in seconds
determine the level of interference to WLANS. Interference into an AWR is received within

an area covered by the radiation pattern of the AWR antenna.

The vertical and horizontal beamwidths determine the area from which interference is
received by an AWR. AWR antennas typically use a pencil beam shape; accordingly, the

gain of the antenna can be assumed to follow a pattern which diminishes by the cosine of the
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angle away from peak gain [21, 22]. Typically, the 3 dB beamwidth is considered sufficient
to determine the performance of a radar antenna, but for interference analysis, the entire
antenna pattern must be considered to properly account for all received interference.
Interference can be received into the AWR through regions in the main lobe beyond the 3 dB
beamwidth or though side lobes of the antenna pattern. To conduct a tractable analysis, the
antenna can be modeled by a single conical main lobe with constant gain. This conical main
lobe is defined by the equivalent power beamwidth, the width of a constant gain region
which provides the same effective received power as the main lobe of the reference antenna

pattern. The constant gain pattern is compared to the reference pattern in Figure 3-1.
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Figure 3-1. Antenna pattern model for interference analysis of an AWR with a 3 dB
beamwidth of 5°. The constant gain pattern, shown as the solid red line, that results in
equivalent received power has a beamwidth of 5.2° null to null and a constant gain of 32 dBi.
The reference pattern, shown as the blue dashed line, varies by the cosine of the angle from
peak gain. The mainlobe peak is at 32 dBi, the first sidelobe peaks at 9 dBi and the second
sidelobe peaks at 1.3 dBi.

The radar beam is controlled in the direction perpendicular to the horizon by the tilt
angle. The tilt angle is measured from the horizon level of the aircraft to the center of the

beam. In this thesis, positive tilt angles point towards the Earth and negative tilt angles point
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upwards. The recommended tilt angle for aircraft in Victor Airways is 0° to detect hazardous
weather conditions. Aircraft in jetways are assumed to be using a tilt angle of 1° below
horizontal to detect hazardous weather at the maximum possible distance [45, 46]. For
spectrum sharing to be feasible, the total effective interference received from WLANSs within
the antenna radiation pattern must be less than the maximum allowable received interference
power. The maximum allowable interference is an interference to noise level of -9 dB as

discussed in [16].

3.1.3 Link Densities for Wireless Local Area Networks

Link density is the number of WLAN links operating per unit area. This value is used
to quantify the number of links inside a coverage area. Link density can be quantified by
finding the average housing unit density and assuming a number of links per housing unit.
Housing unit densities are 0 — 40 housing units per square kilometer for typical suburban
areas and 40 — 1000 housing units per square kilometer in heavy suburban areas (e.g. suburbs
of Los Angeles, New York, Washington D.C.). Heavily populated urban areas have
1000 — 2000 housing units per square kilometer consisting of mixed apartment and single
family homes [47] [48]. WLAN transmissions are heavily attenuated in urban areas due to
losses from line of sight obstructions and building penetration losses [35]. Because of the
high attenuation in urban areas, the worst case of interference is in heavily populated
suburban areas where there are a large number of links but line of sight is still maintained to
an AWR. One thousand houses per square kilometer are assumed, with each house operating
one WLAN device at a time. Links are assumed to be distributed uniformly in a given area

to operate continuously.

The sizes of AWR coverage areas are commensurate with the area covered by large
metropolitan areas; accordingly, the uniform distribution assumption is valid. The areas
covered by large cities is on the order of one thousand square kilometers. For example, Los

Angeles and its suburbs cover an area of about 50 miles (80 kilometers) by 25 miles
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(40 kilometers) with a coverage area of 1,250 miles (3,200 square kilometers). The size of
large cities on the East Coast is comparable to West Coast cities. New York and its suburbs
cover an area of about 30 miles (48 kilometers) by 20 miles (32 kilometers) with a coverage

area of 600 square miles (1,554 square kilometers). [49]

3.2 Coverage Area of Airborne Weather Radar

The flight patterns and assumptions in Section 3.1 established the parameters
necessary to begin analysis of airborne weather radar (AWR) and wireless local area network
(WLAN) interference. The first step in this analysis is to determine the coverage area in
which the interference between WLANs and an AWR will occur. The coverage area is
defined by the vertical and horizontal antenna pattern of an AWR measured by the equivalent
power beamwidth. The equivalent power beamwidth defines a rectangular antenna pattern
that has the same gain and which produces the same received power as a reference antenna
pattern. With this model, the radar antenna will emit and receive all emissions in a cone
shaped volume. The cone is intersected by a plane representing the Earth, creating an
elliptical coverage area on the ground. This area is shown in Figure 3-2. Any WLANSs in
this elliptical area will contribute to interference into an AWR according to the transmit
power of each individual WLAN device, distance from the AWR, and radar receiver
bandwidth in relation to interferer bandwidth (accounted for by the on-tune rejection factor
[OTR]). The level of interference must be less than -142.6 dBW, which is 9 dB below the

assumed radar receiver noise floor of -133.6 dBW.
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Figure 3-2. Coverage area for an aircraft at altitude h with a beamwidth, 6, and

tilt angle, W. The angle from the horizon to the beam, vy, is one half the beamwidth plus the
tilt angle. The size of the coverage area is A with a major axis of C and a minor axis of Cy.

The maximum and minimum possible separation between the AWR and WLAN links is Riyax
and R, respectively.

3.2.1 Radar Antenna Beam Pattern Model for Interference Analysis

Radar antennas are typically quoted as having beamwidths at the 3 dB points of the
antenna main lobe. This 3 dB model of a radar antenna is not sufficient for interference
calculation because sidelobes of the pattern can potentially collect significant amounts of

interference. For the purpose of this analysis, the mainlobe of the radar antenna pattern is

assumed to have a shape G (&) which varies by the cosine of the angle from peak gain over
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the angular range of 90" <8 <90 . The peak gain is at 0° with the first sidelobe about

23 dB (or often lower in other models) below the peak [21, 22]. This antenna pattern,
proposed for interference analysis by the National Telecommunications and Information
Administration report “Mathematical Model for Radiation Patterns for Radar Antennas for
Use in Interference Assessment”, is used as reference to develop the constant gain

model [50]. The constant gain model is a variation of the reference pattern that provides a
single rectangular lobe which produces the same effective received power as the entire front
180° of the reference pattern.

The process to determine the equivalent power beamwidth parallels the calculations
for equivalent bandwidths. Let P,, be the equivalent power that would be received by the
reference model with peak gain normalized to 0 dB (linear ratio of 1), and the angle of peak
gain equal to 0, in degrees. The equivalent received power is related to the equivalent

beamwidth, BW.q and peak received power |H(0, )I2 in watts.

H(8,)

o

F, = BW,

watts (3.1

The received energy from the cosine antenna pattern in terms of volts, H(6), is [50]

008(3.73530J

3db

H(0)= < volts. (3.2)
- 5.6544(9j
03dB
The power received by the antenna, P, is
o 2
P=["|H(0) d6 was. (3.3)

Rearranging and setting P,, equal to P results in the equivalent power beamwidth of

BW, = ["|H (6) a6 wats. (3.4)

#(6,)f
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The main lobe defined by the equivalent beamwidth is scaled by the peak gain of the antenna
to produce the antenna pattern shown in Figure 3-1. The pattern is assumed to be identical in
the horizontal and vertical direction resulting in a pencil beam shape in three dimensions.

A typical AWR has a gain of 32 dB in the main lobe and 3 dB vertical beamwidth of
5° (null to null beamwidth is approximately from -6° to 6°). Under the constant gain model,
the main lobe extends from -2.6° to 2.6° with a gain of 32 dB over this entire range. This
beam pattern model, shown in Figure 3-1, simplifies the coverage area calculation by
simplifying the three dimensional reference antenna pattern into an area of constant gain

which is then projected onto the Earth to create an elliptical coverage area.

3.2.2 Coverage Area Defined

The AWR is mounted on a moving aircraft, creating a conical spot beam which
sweeps over WLANS in the path of the aircraft. The resulting coverage area, shown in
Figure 3-2, is described by an ellipse created by the Earth’s plane intersecting the conical
radar beam. The Earth is assumed to be flat. Because the radar beam is projected well
forward of the aircraft, the elliptical coverage area has a major axis determined by the
antenna’s vertical equivalent beamwidth and a minor axis determined by the horizontal

equivalent beamwidth.

The horizontal coverage path (minor axis), Cy, and vertical coverage path (major
axis), C, multiplied by n/4 gives the coverage area, A. The minimum possible and maximum
possible separations between the AWR and WLANSs are R, and R, respectively. These
separations are determined by the aircraft altitude, /4, and y which is one half the equivalent
power beamwidth, 0, plus the tilt angle, ¥. The minor axis of the coverage area, Cy, is

determined by the angular resolution equation

R +R o
C,=2|—2a "¢ |sin| — |, 3.5
" { 2 }SIH(ZJ G-
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. . . R +R .
where 0 is the equivalent beamwidth and % is the range to the center of the coverage

region [22].

To find the vertical coverage, C, the coverage area can be described in two
dimensions by a triangle. The first case, shown in Figure 3-3, is when the radar beam
completely terminates both legs of the triangle onto the ground as the aircraft flies along the
air route. In this case, the coverage area is an ellipse with a major axis of the coverage path
which is determined by the equivalent vertical beamwidth. The second case, Figure 3-4,
shows that the beam is projected past the horizon; in this case, the Earth plane terminates

only one leg of the triangle representing the beam resulting in a truncated ellipse.

..-J-'“"r; el
~~="7 v8 ’”f""WEI

C

Figure 3-3 : Coverage area for vertical beamwidth less than tilt angle. The dashed lines
represent the radar beam. The solid line is the coverage path, C. The dotted lines mark
lines used to aid calculations. The altitude of the aircraft is h and the beamwidth of the AWR
is 8. The angle from the horizon to the beam is one half the beamwidth plus the tilt angle, y.
The maximum and minimum possible separation between the AWR and WLAN links is Riyax
and R, respectively.

From Figure 3-3 the coverage path, C, and coverage area can be determined. To

determine C, the Law of Sine’s as shown in (3.8) and (3.9) is used. Using the identities

sin(z—y)=sin(y) (3.6)
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and
R .= h/sin(;/—@), (3.7

the coverage path can be found in terms of known parameters: aircraft altitude, AWR tilt
angle, and AWR vertical beamwidth. Assuming an elliptical coverage area, the coverage
area, A, is found by multiplying the vertical coverage path by the horizontal coverage path
and by /4. The area of the ellipse that results from intersecting the beam cone with the
Earth plane is shown in (3.10). Equation (3.11) shows the number of links, Ny;4y, given the

coverage are and the link density, 1.

A (3:8)
sin(@) sin(zr—y)
C=— hsm(@)‘ meters 3.9)
sin(y—8)sin(y)
A= 7CCy square meters (3.10)
N,pow = An links (3.11)

The previous case is valid when the AWR beam does not extend past the horizon,
causing the long and short legs of the beam to intersect with the Earth plane. If the tilt angle
is less than one half the beamwidth or if the beam projects past the horizon, then the long
edge of the beam does not terminate on the ground and a different geometry shown in Figure

3-4 exists.
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Figure 3-4 : Coverage area for beamwidth greater than tilt angle. The dashed lines
represent the radar beam. Notice that only one leg of the triangle intersects with the ground
plane, the other extends upward. The solid line is the coverage path, C. The dotted lines
mark lines used aid calculations. The altitude of the aircraft is h and the beamwidth of the
AWR is 6. The angle from the horizon to the beam is one half the beamwidth plus the tilt
angle, y. The maximum and minimum possible separation between the AWR and WLAN
links is Rmax and Rc, respectively.

For the case in Figure 3-4, to determine the coverage path, C, the length C + s is
found using the Law of Cosines as show in (3.12). This length is the base of the large dotted
right triangle whose hypotenuse is R,,,,. Through algebraic manipulations and trigonometric
identities shown in (3.13) and (3.14), the length of the coverage path, (3.15), can be found if

Rinax 18 known.

C+s

cos(a) = (3.12)

max
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C=R,, cos(a)- meters (3.13)

tan ()

C=R,_, cos (sin‘l (RLD —s (3.14)

2
C = Rmax 1_ h - h
Rmax tan ( }/)

In the second case, R, ranges from R, to the horizon resulting in very large coverage areas.

meters (3.15)

The maximum value of R, is at the horizon because the Earth is modeled as a flat plane and
any interferers over the horizon do not produce harmful interference. The distance to the

horizon is
D =/2kR,h meters, (3.16)

where k = 4/3, R, = earth radius = 6,380 km, / = height of aircraft above ground in meters
[22]. Using (3.16), R, is set to 432 kilometers away for aircraft in jetways and 288

kilometers away for aircraft in Victor airways.

The time when the communications system is in the coverage area is the service time,

Is

_¢

1
I =—
u v

N

seconds . (3.17)

The coverage path length is C, and v is the velocity of the plane: 200 meters per second in

Victor airways and 250 meters per second in jetways. The metric — is used as the service
Yz,

time in the queuing theory analysis of the number of interferers; its inverse is the departure

rate.

Both cases of coverage regions are needed to find the coverage area. The specific

case is chosen depending on the relationship between the tilt angle and the antenna
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beamwidth. The tilt angle for each region is defined as the angle between horizontal and the
center of the antenna main lobe. The coverage paths and coverage areas are found by
varying the altitudes and tilt angles as required by the scenarios defined in Section 3.4. From
the coverage area, the total number of WLAN transmitters is found by multiplying the link

density with the coverage area.

3.3 Tools for Analysis of Interference

The coverage area and the number of wireless local area network (WLAN) links in
the coverage area have been defined in Section 3.1 and 3.2; this section now uses the number
of WLAN links, the coverage area, and the path loss equation to develop the metric of total
effective interference. The total effective interference estimates the received interference
level into an airborne weather radar (AWR). For spectrum sharing to be possible without
causing degradations of performance to an AWR, the level of interference must be below the
maximum allowable received interference level as established in Section 3.1.2, Table 3-1,

given an interference to noise ratio of -9 dB in the radar receiver.

3.3.1 Total Effective Interference into AWR

The interference received by an AWR from a single WLAN link, assuming a clear
line of sight path between the AWR and WLAN is modeled by the free space path loss
equation in (3.18). Clear line of sight causes the worst possible case interference, thus this

analysis gives the maximum possible interference level.

2
P =M watts (3.18)
" (4r) RL

‘misc

The transmitter power and antenna gain of the WLAN link are P, and G;. The AWR
antenna gain is G,. Wavelength, A, at the center of the 9.3 GHz — 9.5 GHz band is assumed.
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The separation between the AWR and WLAN transmitter is R and miscellaneous losses,
Lyisc, take into account any building/environment penetration losses or system component
losses. Wavelength is 9.35 GHz and typical values: G, = 32 dB, G,=0dB and L,,;;c =-7 dB
are assumed. Miscellaneous losses of 6 dB are attributed to absorption losses as the signal
penetrates the indoor environment and system losses provides the additional 1 dB [35].
Under these assumptions the received power into the AWR from a single link, P,, becomes a
function of the transmit power of the WLAN transmitter, P,. The separation, R, is defined by
the scenarios described in Section 3.4. The inference from all WLAN links in the coverage

area is calculated to find the total effective interference in watts.

The total effective interference is calculated by finding the mean interference from
the coverage area, and multiplying this mean by the total number of links in the coverage
area. The mean interference received in the coverage area, I, is a random variable defined by
a transformation of the uniformly distributed links. The number of links is assumed to be
1000 links per square kilometer to model links in a densely populated metropolitan area such
as Los Angeles or New York. The random variable, R, models the separation of these
uniformly distributed WLAN links from the AWR. The closest link in a region has a

separation of R, and the furthest of R,,,, as shown in Figure 3-3 and Figure 3-4. The mean

interference, E [I ] in watts, as a function of distance between the WLAN transmitter and

AWR receiver, r in meters, is

1
Ringe T (r) - R, ..—R
E[I]: 1}[ g(r)fR(r)dr, g(r): PthGr/lz (3.19)
(47&')2 mer2

where the probability density function (pdf) of R is a uniform distribution f, (r) [51]. The

function, g (r), is the received power of a signal as a function of distance which transforms
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the random variable R to the random variable for the received interference, I. We assume the

coverage area is densely loaded with links such that a continuous pdf can be assumed [51].

The derivation to represent / in terms of R,,,, and R, is shown in (3.20), (3.21), (3.22),
and (3.23). The result is that the mean of the received interference by an AWR is derived
from the path loss equation where the value for separation is the product of the nearest and

furthest possible WLAN transmitter.

Ry 2
El]- [ EGGA [ ! }dr (3.20)
R. (47[) lJmiscr2 Rmax_RC
2 [ T Rg
E[l]= Pfofr/i ! | izdr (3.21)
(47[) Lmixc _Rm“X_RC_ R. r
2 [ T 1| Rrar
E[I]= P’G’?r’i ! (—1j (3.22)
(47[) Lmixc _Rm“X_RC_ r R,
2
E[I]= ZP’G'G’/i watts (3.23)
(47[) Lmisc (Rmach)

Interfering WLAN links are uniformly distributed across the coverage area.

Consequently, the number of links can be multiplied by the mean received

interference, E[I], to obtain the total received interference power, Iy, as shown in (3.24),

I

total

=E[I-nA]=nA-E[I] watts, (3.24)

where A is the coverage area in square meters and 1 is the link density in links per square

kilometer.

The on-tune rejection factor (OTR) defined in [16] and fully discussed in
Section 2.5.1 has thus far been excluded for clarity. The OTR is now reintroduced, in (3.25),
to complete the derivation of total effective interference. The OTR reduces the total

interference by accounting for interference filtered by the AWR receiver before the
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intermediate frequency (IF) stage. The inclusion of the OTR factor is necessary because all

interference calculations have been calibrated at the IF stage of radar receivers.

OTR=0 for B, =2 B,

IF —

OTR =10log(B, /B,.) for B, <B, (3.25)

In decibels, the total effective interference is

1

effective

=10log(1,,, )~ OTR dBW . (3.26)

total

Equation (3.24) or (3.26) can be extended to include other reductions or sources of
interference depending on the scenarios defined in Section 3.4 and specific WLAN defined in

Chapter 4.

3.3.2 Probability of Exceeding Maximum Allowable Received Interference
Power into Airborne Weather Radars

The likelihood that the total interference received by an AWR exceeds the maximum
allowable received interference power determines the feasibility of spectrum sharing between
wireless local area networks and airborne weather radar. This likelihood depends on the
likelihood that a specified number of WLAN links are transmitting inside the coverage area
of the AWR. The total interference was defined as a function of the number of WLAN links
inside a coverage area in (3.24). In this section we introduce the possibility that not all
WLAN links in the coverage area are interfering with the AWR. Non-interfering WLAN
links could be operating on frequencies different than the radar receiver or transmitting
intermittently. If necessary, gains or losses represented by the on-tune rejection factor or

other conditions can be included as the scenario and WLAN type requires.

The probability of a single WLAN link inside the coverage area causing interference
to a present AWR is the basic statistic from which the likelihood of harmful interference is

derived. The event, X, of a single WLAN link inside the coverage area causing interference
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to a present AWR has probability p as shown in (3.27): the probability of event X is a
Bernoulli trial with a mean of p. A single WLAN device can either be causing interference,

event X, or not causing interference, event not X.

P[X | AWR is present| = p (3.27)

From the basic statistic, P[X], the probability of at least one occurrence of event X is

shown in (3.28) given a link density, 1, a coverage area, A, and presence of a radar.
P[ X|AWR is present, 7, A | (3.28)

Link density and coverage area are treated as constants, providing the result shown in

(3.29). The expected number of interferers E [P[X | AWR is present,f],A]] is shown in

(3.30). Again because 1 and A are constants, the expected number of interferers is the total
number of WLAN links in a coverage area multiplied by the probability that they are

transmitting into the AWR receiver.

P[X | AWR is present,77, A] = P[ X | AWR is present|-77A (3.29)
E| P[X | AWR is present, 7, A] | = p-5A (3.30)

The Bernoulli trial for each WLAN in the coverage area represented by (3.28) can be
summed to create a binomial random variable, S,a. The random variable Sy is the total
number of interfering links whose distribution represents the probability that m WLAN links
in a coverage area are interfering with an AWR. The number of links, nA, is the number of
trials in the binomial distribution. The probability that m WLAN links are interfering given a
user density, 1, a coverage area, A, and presence of a radar is shown in (3.31). Equation

(3.32) shows the probability of m or fewer WLAN links are interfering with an AWR.

A m
P[S”A =m|AWR is present, n,A] = (]Zn Jp’” (1—,0)”A (3.31)
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nA

P[S,,A < m|AWR is present, 7, A] = i( '
k=0

j Pt (1-p)"™" (3.32)

The maximum number of allowable links, m, can be found by manipulating (3.24),

I = E[I . 77A] = 77A-E[I] . The resulting equation, (3.33), is found by replacing the

total
number of WLAN users, nA, with m, and total effective interference, I;y,, with the maximum
allowable interference, /... Equation (3.34) results from solving for m. Equation (3.34)
defines the number of links such that the received interference power at the AWR receiver is
less than the maximum allowable received interference power, /... The number of
allowable links is equal to the floor of I, multiplied by the inverse of the expected value of
interference generated within each coverage region. The expected value of interference is the

received power from a WLAN transmitter defined by the free space path loss equation,

PGGA’ . o . : P
= W . To account for the uniformly distributed links, the typical 1/R
4r) R°L,,.

relationship is instead defined as the product R,,.R., where R, is the maximum possible

separation between the interfering WLAN transmitters and an AWR, and R, is the minimum

separation.
I,.=m-E[I] (3.33)
A7)’ L. (R R,
m — Imax ( ) misc ( ;Vlél)( [& ) (3.34)
PGG.A
The probability of exceeding the maximum allowable interference, shown in
(3.35), is derived by combining (3.32) and (3.34).
. C 77A k nA-k
P[S”A Sm‘AWR is present,q,A}zz v p(1-p) (3.35)
k=0

Equation (3.35) can be rearranged to show the relationship between total interference

of all active links, I,,,4,, and the maximum tolerable interference, 1,,,,, by multiplying the
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random variables by the path loss. Additionally, we can find the probability that /,,,,; exceeds
Ly by taking the complement of (3.35). These manipulations result in (3.36), the probability
that the total interference, /;,.,;, €xceeds the maximum allowable received interference power,
Ly, given a link density, coverage area, and presence of a radar. If all links in the coverage
area are active (p = 1), then (3.24) can be used directly, restated here as (3.37). Equations
(3.36) and (3.37) show the metric that is used to analyze the performance of AWR in shared

spectrum.

. (47[)2 Lmisc (Rmach) d
P = P[Imm, 21,..|AWR is present, 7, A] =1-P|S,, =\ 1L,. PGG A AWR is present, 7, A
(3.36)
I, nA- GG/ > 1
’ (47[)2 Lmisc (Rmux C) -
P = P[Iwml 21, . |AWR is present,n, A, p = 1:| = (3.37)
0. nA. PGG A’
, (47[)2 Lmisc (Rmach) -

3.4 Interference Scenarios

This section further develops the probability of exceeding the maximum allowable
interference power, P;, of AWR. For each scenario, the coverage path and coverage area is
calculated and the maximum and minimum possible separation between WLAN transmitters
and AWR is determined. Using these parameters, along with the link density, the probability
of exceeding the maximum allowable interference power can be calculated. The final
probability depends on the transmit power and modulation of each type of WLAN described
in Chapter 5.
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Two scenarios are chosen to represent the most likely cases of interference. The first
scenario, WLANSs operating under a jetway, causes the most frequent interference to a
WLAN due to the high rate of aircraft traffic in jetways. The second scenario, WLANs
operating in a Victor airway, causes the highest level of interference to AWR due to the

small separation between AWR and WLAN interferers.

3.4.1 Scenario 1: Heavily Traveled Jetway

Data gathered from FlightAware, a flight tracking service [13], is used to specify the
flight characteristics of an aircraft in a heavily traveled jetway. It was found that the jetway,
J134, linking Washington Dulles International Airport (Washington, DC) [KIAD/IAD] and
Los Angeles International Airport (Los Angeles, CA) [KLAX/LAX] is representative of
heavily traveled jetways. This jetway provides typical values to use in the performance
analysis of WLAN and AWR in shared spectrum. Aircraft in this jetway typically travel at
velocities of 250 meters per second (485 knots) with an en route altitude of 11 kilometers
(36,000 feet) mean seal level (msl) [13-15]. The AWR used in these flights typically set their
tilt angle to 1° below the horizon to detect weather phenomenon [45, 46]. The equivalent

power beamwidth is 5.2° as described in Table 3-1.

Using this altitude, beamwidth, and tilt angle, the maximum possible separation
between AWR and WLANS, R, is 432 kilometers. The minimum possible separation, R,
is 175 kilometers. The vertical coverage path, C, is 257 kilometers, and the horizontal
coverage path, Cy, is 28 kilometers resulting in a coverage area, A, of 5,568 square
kilometers. This coverage area would be completely filled by a major metropolitan area such
as Los Angeles. Assuming link density of 1000 links per square kilometer, the total number
of links in the coverage area, Nyray = An, is 5.6x10° links. These parameters, derived from

assumptions and developed in this thesis, are summarized in Table 3-2.
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Parameter Symbol Value Derived From

Aircraft Altitude h 11 kilometers Flight pattern of aircraft [14, 15].
Aircraft 250 meters per . .
Velocity v second Flight pattern of aircraft [14, 15].
2

Vertical . h h
Coverage Path C 257 kilometers C=R,_. 1—(R J - tan(;/) meters
Horizontal : A R tR | (O
Coverage Path C, 28 kilometers C, = 2[—2 }sm( 5

c,C
Coverage Area A 5,68 square A="Cn

kilometers 4

Maximum
Possible R, 432 kilometers D = /2kR h meters
Separation
Minimum h
Possible R 175 kilometers R =— (
Separation sin (7)
Number of
WLAN links in Ny, 5.6x10° links Ny = AN

coverage area

Table 3-2. Parameter and values defined by a heavily traveled jetway.

3.4.2 Scenario 2: Victor Airway

It was found that the airway, V143, linking Washington Dulles International Airport
(Washington, DC) [KIAD/TAD] and Roanoke Regional Airport (Roanoke, VA)
[KROA/ROA] is representative of Victor airways providing typical values to use in the
performance analysis of WLAN and AWR in shared spectrum [13]. Aircraft in this airway
typically travel at velocities of 200 meters per second (about 390 knots) with an en route

altitude of 5 kilometers (16,000 feet) mean seal level (msl) [13-15]. Using the single
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rectangular main lobe model, the AWR used in these flights have a tilt angle of 0° and a

beamwidth of 5.2°.

Using these parameters, Ry, 1s 288 kilometers. The minimum possible separation,

R., is 108 kilometers. The vertical coverage path, C, is 108 kilometers, and the horizontal

coverage path, Cy, is 18 kilometers resulting in a coverage area, A, of 2,545 square

kilometers. This coverage area would be completely filled by most metropolitan areas.

Assuming link density of 1000 links per square kilometer, the total number of links in the

coverage area, Nyian = An, is 2.5x10° links. These parameters, derived from assumptions

and developed in this thesis, are summarized in Table 3-3.

Parameter Symbol

Value

Derived From

Aircraft Altitude £

Aircraft V
Velocity

Coverage Path C

Horizontal C,
Coverage Path

Coverage Area A

Maximum
Possible
Separation

max

Minimum R
Possible
Separation

Number of N
WLAN links in AN
coverage area

5 kilometers

200 meters per
second

108 kilometers

18 kilometers

2,545 square
kilometers

288 kilometers

108 kilometers

2.5x10° links

Flight pattern of aircraft [14, 15].
Flight pattern of aircraft [14, 15].

2
C=R_ . |1- h __h meters
Rmax tan ( 7/)

c, =2| Ruu R Sin(ﬁj
2 2

zC,C
4

A=

D =./2kR,h meters

R =— h
sin(y)
Nypay = AN

Table 3-3. Parameter and values defined by a Victor airway.
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3.5 Interference into AWR from Narrowband Wireless Local Area

Networks

Analysis of interference from narrowband digital WLAN links shows that significant
interference is received by an AWR. For the WLAN links, a symbol rate, R;, of 1 MHz is
chosen to match the symbol rate of an 802.11b system and the bandwidth of Bluetooth [52,
53]. The bandpass bandwidth is 2 MHz resulting from raised root cosine pulses with a roll-
off factor of 1. Occupied bandwidth, W, of a bandpass raised root cosine signal is related to

the symbol rate times, R;, and the roll-off factor a.
w =RS(1+0!) Hz (3.38)

Binary phase shift keying (BPSK) modulation is used to reach the target BER of 1x10™* with
the required signal to noise ratio (SNR) of 8.4 dB. The required SNR for a BSPK signal in
additive white Gaussian noise (AWGN) is calculated using (3.39). In (3.39), the probability
of error, P,ppsk, 1s related to the signal power, S, and the noise power, N. The BER
calculation assumes an ideal coherent receiver with perfect synchronization and zero

intersymbol interference.

Pppsk = Q( %Sj (3.39)

To meet the target SNR at the WLAN receiver, a 1 mW transmitter is required.
A 1 mW transmitter operating at 9.35 GHz separated from the receiver by 50 meters results
ina SNR of 11.5 dB. The SNR of 11.5 dB provides a margin of 3.1 dB over the minimum
required SNR; consequently, a reliable link exists. The link margin is required to overcome
unexpected signal degradations and idealization in the analysis. This transmit power and
distance is reasonable according to the assumptions and agrees with values of existing
WLANS such as Bluetooth [53]. A link budget calculating the required transmit power for a

narrowband wireless local area network link is included in Appendix B.
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The coverage area for WLAN to AWR interference is determined by aircraft altitude,
tilt angle, and beamwidth. From the coverage area and link density it was determined that
there are 5.6x10° links in coverage areas below jetways and 2.5x10° links for Victor airways.
The maximum and minimum possible separations between the AWR and WLAN links is
Ryqc and R.. These separations determine the expected amount of interference into the AWR
receiver. These parameters along with the transmit power of the WLAN links are used to
calculate the likelihood that the total effective interference from all WLAN links in a
coverage area, I, exceeds the maximum allowable received interference power, I,,,,. This
likelihood, P;, shows that if the number of links in the coverage area, nA, is less than or equal
to the maximum allowable links, m, then the probability of harmful interference is zero;
otherwise, the interference will be harmful to AWR and spectrum sharing is not advisable.
The maximum allowable links, m, is calculated using (5.10) with all parameters summarized

in Table 3-4.

PGG.A?

t~tr

4z)’'L (R R
m:{lmw( 7) L (R C)J links (3.40)
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Parameter Value Justification

Imax = Maximum allowable received -142.6 dBW Assumption [16]
interference power
(47[)2 22.0dB Constant
Lmisc = losses due to building penetration 7.0dB Assumption [35]
and system losses
108.8 dB Derived from
_ _ meters squared scenario
= Path loss distance is the product for jetways
R.R of the maximum and minimum .
maxte possible separation between AWR 104.9.dB Derived from
and WLAN in a coverage area meters squared ~ scenario
for Victor
airways
Py = WLAN transmitter power -30.0 dBW Derived from Link
Budget
G; = WLAN transmitter antenna gain 0.0dB Assumption [52,
53]
G, = AWR receiver antenna gain 32.0dB Assumption see
Table 3-1
N = wavelength at 9.35 GHz squared -29.9 dB Center frequency
meters squared
201 links for
jetway scenario
m = maximum allowable WLAN links 82 link for Derived from (5.10)
Victor airway
scenario

Table 3-4. Parameters for narrowband WLAN to AWR interference calculations. The
maximum allowable links is 204 links in a jetway and 83 links in a Victor airway. There are
more links expected than allowed in a coverage area for both jetways and Victor airways.

There are 5.6x10° links in coverage areas below jetways and 2.5x10° links for Victor
airways, but the maximum allowable number of WLAN links is 201 for jetways and 82 for
Victor airways. Assuming that all WLANSs links interfere with AWR, a narrowband system

can not be used in coverage area underneath jetways or Victor airways.
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The assumption that all links interfere with AWR is overly pessimistic. A more
sophisticated model is to assume that each WLAN link interferes with an AWR with a

specified probability, p, which represents intermittent transmission of the WLAN link.

The parameter p is used in (5.3) to find Pj, the probability that the collective
interference from all WLAN links in a coverage area causes harmful interference to an
AWR. For all non-trivial values of p, interference is still 100% likely. Figure 3-5 shows that
under the assumptions that each WLAN device transmits with 1mW of power, harmful
interference is assured and spectrum sharing with AWR is not possible regardless of each
individual link’s probability of interfering. In fact, Figure 3-6 shows interference into AWR

receivers is expected to be at least 25 dB higher than the allowable level.

1.5 . . . .
=3 Jetway
e Victor Ainway
=
€L
o
[
10
i
=
&
_Eos} _
N
D___F
[:] 1 1 1 1
0 02 04 06 0.8 1

Frobability that a Single WLAMN Link Interferes with AWER, o

Figure 3-5. Probability that the total effective interference received by all WLAN links in a
coverage area, i, €xceeds the maximum allowable received interference, /.. Harmful
interference is 100% likely in both jetways and Victor airways.
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Figure 3-6. Expected interference above the maximum allowable interference versus the
probability that a single WLAN interferes with a present AWR. Interference into AWR
receivers is expected to be at least 25 dB higher than the allowable level in both jetways and
Victor airways, regardless of probability that a single WLAN link interferes with a present
AWR.

Holding the probability that a single WLAN link interferes with AWR constant at 1
and varying transmit power and link density also yields unfavorable results for spectrum
sharing in most cases. Even with transmit power at 0.1 mW, the interference is expected to
be at least 25 dB higher than the allowable level, as shown in Figure 3-7. Reducing the
number of links per square kilometer, on the other hand, does reduce the expected
interference to allowable levels. But Figure 3-8 shows that reductions below 1 link per
square kilometer are required. A link density below 1 link per square kilometer is not
acceptable for local area networks in urban areas, but other applications or scenarios for a

communications system with extremely low link density may exist.

3-29



35

Jetway
------- Victor Alnaay

30

in dB

tntal_lnwax

Expected Interference above
taximum Allowable Interference Power,

5[1 02 0.4 06 0.8 1

WWLAM Transmit Power, milliwatts

Figure 3-7. Expected interference above the maximum allowable interference versus WLAN
transmit power. Interference into AWR receivers is expected to be at least 10 dB higher
than the allowable level in both jetways and Victor airways with a minimum transmit power of
0.1 mW.
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Figure 3-8. Expected interference above the maximum allowable interference versus link
density. The expected interference approaches maximum allowable level as the link density
is decreased to below 1 per square kilometer.

3.6 Conclusion

The definition of these scenarios completes the development of the performance
metrics for interference into AWR from WLANSs. If the likelihood that the total effective
received interference power exceeds the allowable level, measured by metric developed in
this chapter, then spectrum sharing is not feasible. It was shown that a simple narrowband
digital communications link will cause interference above the allowable level for all realistic
transmit powers and user densities. Chapter 4 develops metrics used to calculate the bit error

rate of WLANS to measure the performance of WLANs in shared spectrum. Chapter 5 uses
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transmit power and modulation of specific WLANS to quantify the probability of exceeding
the maximum allowable interference power and to calculate the BER in shared spectrum,

thus determining the feasibility of spectrum sharing between AWRs and WLANS.

3-32



Chapter 4
Effects of Airborne Weather Radar Interference on
Wireless Local Area Networks

Airborne weather radar (AWR) is a primary service, so interference from wireless
local area networks (WLANSs) above harmful levels prevents the possibility of spectrum
sharing. Harmful interference to an AWR prevents spectrum sharing, but bit errors caused
by interference to WLANSs can be tolerated. The likelihood of bit errors in a WLAN link
caused by AWR interference is modeled as a communications link in a pulsed jammer
environment. AWRs are modeled as jammers arriving with a Poisson distribution and
departing with an exponential distribution as defined by a queuing system with infinite
queues. Received AWR transmission into WLAN links are extremely powerful causing
BERSs of 50%; thus, the BER of WLANS in shared spectrum is determined by the expected

number of interfering AWRs and the likelihood of receiving AWR transmissions.

4.1 Determining the Number of Airborne Weather Radar Interferers

The Federal Aviation Administration (FAA) regulates aircraft flight in the United
States by establishing and regulating air routes. Interference analysis is conducted assuming
jetways and Victor airways because these are the air routes most commonly traveled by
airborne weather radar (AWR) capable aircraft. Typical velocities of aircraft traveling in
jetways are around 250 meters per second (about 485 knots), and aircraft in Victor airways

travel at 200 meters per second (about 390 knots) [14, 15].

Specific data on the number of aircraft simultaneously interfering with a WLAN link

could not be found in literature, but an estimate is developed in this thesis. The maximum
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rate at which aircraft land at an airport is about 1 aircraft per 60 seconds [54]. Availability of
runways at airports is the limiting factor for air traffic, implying that air routes (jetway and
Victor airways) servicing airports have traffic rates equal to or less than 1 aircraft per

60 seconds on average per direction. This assumption is valid because if incoming traffic to
airports is greater than the traffic handled by airports, delay for arrivals and departures would
be infinite. In most cases, delay is finite; therefore, aircraft traffic in air routes is bounded by

traffic at airports.

The previous estimate is verified by calculating the separation in time between
aircraft. The minimum required separation between aircraft mandated by the FCC is
4 nautical miles (7400 meters) [12]. Dividing this distance by expected velocity of aircraft in
jetways gives a time separation of about 2 aircraft per 60 seconds. Assuming aircraft fly in
the same direction with the minimum allowable separation, the value of 2 aircraft per 60
seconds is used as the arrival rate of aircraft over WLANS in the jetway scenario. One

aircraft per sixty seconds is assumed for Victor airways.

Queuing theory is used to model the arrival and departure of AWRs with the mean
arrival rate determined by minimum aircraft separation and mean departure rate determined
by coverage area and aircraft velocity. This probabilistic model of the number of AWRs is
used to determine the BER of WLAN links in shared spectrum. Queuing theory models the
presence of an AWR interferer because the event of an aircraft passing over a WLAN can be
viewed as a user entering a queuing system. The aircraft is defined as the user and the path
that the plane takes over a WLAN is defined as the server. Aircraft are assumed to arrive
with a Poisson distribution which models events that occur “completely at random in time or
space” [51]. Exponential service time, an assumption of queuing theory, is also applied to

model the expected number of AWR interferers.

The M/M/o queuing system defined by Poisson distributed arrivals, exponential

distributed departures, and infinite queues allows for tractable analysis of the number of



AWR interferers affecting a single WLAN link. The model, shown in (4.1), gives the
probability that fewer than Kk AWRs are in the presence of a WLAN at any given time

k aj
PN, <k]=>) —e™, a==, “4.1)
=0 J! H

where the random variable N4y is the number of radars, A is the arrival rate of 2 aircraft per
60 seconds for jetways and 1 aircraft per 60 seconds for Victor airways. The service time, ,

the inverse of the departure rate, is 1/u.

The AWR will interfere with a WLAN with different severity according to the
antenna pattern. Typical radar antenna gains are modeled as varying by the cosine of angle

from peak gain. The gain as a linear ratio with its peak normalized to 1 is [50]

2

Cos{3.735300j
H(6)= 2 watts . (4.2)

2
1-5.6544 (‘9]
03dB

This reference antenna pattern, fully described in Chapter 3, is modified by creating a

pattern with regions of constant gain over each lobe. The constant gain model is created by
equating the peak gain for each lobe to the reference model and choosing a beamwidth for
the constant gain model such that the power transmitted per lobe is equal to the transmitter
power per lobe for the reference model. The antenna pattern used for interference analysis is
shown in Figure 4-1. The main lobe, first sidelobe, and second sidelobe are projected onto
coverage areas where the AWR gain is large enough to cause significant amounts of
interference. Regions outside of these lobes are assumed not to cause interference and are

difficult to model accurately [22].
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Figure 4-1. Antenna pattern model for airborne weather radar to wireless local area network
interference. The main lobe at a constant gain of 32 dBi is from -2.5° to 2.5°. The first
sidelobe has a gain of 9 dBi from +6.9° to +8.9°. The second sidelobe has a gain of -1.3 dBi
from +11.6°to +12.8°. Gain outside of these regions are considered insignificant.

Using the pattern in Figure 4-1, the coverage area of an AWR is comprised of regions
of differing gains. Each of these coverage regions have their own tilt angles, beamwidths,
and gains resulting in different transmitted powers, coverage areas, and service times

illustrated in Figure 4-2.
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Figure 4-2. Projection of antenna radiation pattern onto the ground. The main lobe has 32
dB of gain. The first sidelobe has 9 dB of gain and the second sidelobe has 1.3 dB of gain.
There are four coverage regions, C, to C, each with a maximum possible separation
between the AWR and a WLAN link Rmax; @and a minimum such separation, R; and a
horizontal coverage path Cy;. Each coverage region is a rectangular region with length of
the coverage region and width the size of the midpoint between R.;and Rmai. The aircraft
is at altitude, h, and the entire coverage area has a length of C.

Bit errors caused by AWR interference in each region are mutually exclusive
allowing the total probability of error to be the sum of the probability of bit error in the main
lobe, first sidelobe, second sidelobe, and regions with no interference. BER cause by AWR
interference is found by weighting the probability that k AWRs are present in each region by
the probability that the AWRSs are actually transmitting into a WLAN receiver. The final
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probability of bit error caused by spectrum sharing with AWRs depends on the duty cycle of
the AWRs, the horizontal scanning of the AWRs, and the probability that kK AWRs present.

4.2 Probability of Bit Error of Wireless Local Area Networks in
Shared Spectrum

The BER of a WLAN link affected by an AWR is modeled as a pulsed jammer

environment using

P, = P[no interference| P [errorino interference|+ P[interference ] P[errorlinterference] .
4.3)

The BER of a WLAN link in shared spectrum depends on the probability of receiving

interference from an AWR, P [interference] , and the BER during this AWR interference,

P [errorlinterference]. When interference is not present the BER depends on the WLAN

modulation and signal to noise ratio which is easily calculated with established models [30,
31]. The probability of interference and bit errors given interference is actually defined by a
sum of probabilities of bit error for each coverage region. Each coverage region will have its
own probability of interference and BER in that region due to varying antenna gains and

beamwidths over the considered sidelobes.

The probability density function (pdf) of the M/M/oco queuing system used to model
the arrival and departure of an AWR over a single WLAN link is described in (4.4). The
mean number of AWRS, Nawg, for this queuing system is shown in (4.5). The random
variable N4wg describes the number of users in the system, which is a random process of

time. The departure rate, the inverse of service time is i, and the arrival rate is A. [51]
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pj=—e", j=012.. 4.4)

E[NAWR] =a= (4.5)

RN

Service times, times when a WLAN is within a coverage area of traveling aircraft,
vary from 700 to 900 seconds depending on the particular AWR, the velocity of the aircraft,
and the altitude of the aircraft. Worst case arrival times are 2 aircraft per 60 seconds in

jetways, and 1 aircraft per second in Victor airways.

The cumulative density function (cdf) of (4.4), shown in (4.6), is used to derive the
probability that k or fewer AWRs are present. The required probabilities to calculate the
second term of the overall BER, (4.3), are the probability that no AWRSs are present, k = 0,
and AWRs are present, k > 0. These two cases are shown in (4.7) and (4.8) for the no

interference and interference case, respectively.

ka/

P[N,,, Sk]=) —e™ (4.6)

=0 J!
P[no interference] = P[N,,, =0]=¢* 4.7)
P|interference| = P[ N, >0]=1-¢"* (4.8)

Equations (4.7) and (4.8) are combined with (4.3) to produce (4.9); equation (4.9) provides
the BER for a WLAN link in shared spectrum assuming all AWRs are transmitting

continuously.

P, = ¢ P[errorlno interference]+(1—e ™) P[errorlinterference] (4.9)

Equation (4.9) incorporates the arrival and departure of an AWR into the BER
calculation for a WLAN in shared spectrum, but does not model the intermittent nature of
interference received from an AWR. AWRs transmit using a low duty cycle, D, and scan

across 90° of azimuth direction. The horizontal scanning of the beam reduces the likelihood
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of being affect by interference because the beam will not be over a WLAN link during the
entire scan. The probability of being within the beamwidth given horizontal scanning over
90° is

0

P[within beamwidthlhorizontal scanning]=190" -6’
1 6245

6 <45

(4.10)

The duty cycle and probability of being within the beamwidth is independent of the number

of radars present; therefore, the probability of interference by k AWR is

6
90" -6

k
Pk AWRs are interfering| = > D kP[N e =k]. (4.11)
=0
Interference from multiple AWRSs is assumed to be non-overlapping and each AWR will
interfere simultaneously because of the low duty cycle. This simultaneous interference is
expressed by multiplying the duty cycle and scanning factor by the number of present AWR,
appropriately scaling the probability of interference. Thus the WLAN is affected by kK AWRs

a fraction of the time related to the likelihood that k AWR are present, P[N ,,, = k], the

likelihood that a single AWR is interfering, D 900 , and the simultaneous effects of the k

AWRs, ikP[NAWR =k].

k=1

The weighting of the probability of interference by the duty cycle and horizontal

scanning is combined to form the parameter, 7.

D 00 , 0<45

T=9 90 -6 (4.12)
D 6>45

To account for multiple transmitting AWRs, the analysis includes the duty cycle of the

transmitters, and horizontal scanning of the antenna, and the probability that k = /, 2, 3...
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AWR are present. With the duty cycle and scanning included in the analysis, the probability
that k = 7, 2, 3... AWRSs are present must be summed to account for multiple transmitting
AWRs as shown in (4.13). In (4.13), T represents the intermittent received interference from

an AWR due to the low duty cycle and horizontal scanning.

P, = ¢ “P|[errorino interference]+

(1—7) P[errorlno interference|+ (4.13)

i [TkP [N e =k]P [errorlinterference]]

k=1

Noticing that ZkP [N .z = k]is the expected value of Nawg, (4.13) can be simplified to
k=1

B = (e_“ + (1 -7 )) P [errorlno interference] +7 (a —e ) P [errorlinterference] , 4.14)

where the total probability of bit error, Py, is equal to the bit error rates when 0 AWRSs are
present or any number of AWRs are present and not transmitting, plus the probability that k

AWRs are present and transmitting.

Equation (4.14) provides the basis to calculate the BER of a WLAN in shared
spectrum, but the segmentation of the coverage area into coverage regions must be
considered. Equation (4.15) generalizes the total probability of bit error by including the five

antenna coverage regions.

P, = 24: (e‘”" +(1-7, ))P [errorino interference]+ i [Z’i (ai —e ) P[errorlinterference in ith region]}

i=0 i=0

(4.15)

Often the bit error rate caused by all lobes will be 50% and for simplicity 7; is chosen

to equal the most likely probability, 1, allowing the following simplification of the BER.
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P, <(e™ +(1-7)) P[errorino interference]+7(a—e™ )%,

. (4.16)

where 7=max(7,,7,,7,,7,,7,), and a=) g,
i=0

4.3 Bit Error Rate of a Narrowband Wireless Local Area Network in
Shared Spectrum

A narrowband digital communications system provides a low complexity system to
show the BER analysis of a WLAN link in shared spectrum. A symbol rate, R;, of 1 MHz is
chosen to match the symbol rate of an 802.11b system and the bandwidth of Bluetooth [52,
53]. The bandpass bandwidth is 2 MHz resulting from raised root cosine pulses with a
chosen roll-off factor of 1. Occupied bandwidth, W, of a bandpass raised root cosine signal

is related to the symbol rate times, Ry, and the roll-off factor a
W:RS(1+0{) Hz 4.17)

Noise bandwidth of the WLAN receiver is 1 MHz, numerically equal to the symbol
rate R =R, =1 Mbps. Binary phase shift keying (BPSK) modulation has the target BER of
1x10™ with a signal to noise ratio (SNR) of 8.4 dB. The required SNR for a BSPK signal in
additive white Gaussian noise (AWGN) is calculated using (4.18). In (4.18), the probability
of error, P.gpsk, 1S related to the signal power, S, and the noise power, N. The BER
calculation assumes an ideal coherent receiver with perfect synchronization and zero

intersymbol interference.

28

Popsx = Q( WJ (4.18)

To meet the target SNR at the WLAN receiver, a link budget is used to determine the

required transmit power. The transmit power is chosen to provide a SNR with sufficient link
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margin to account for idealization in the analysis and unexpected signal degradations. The
power budget in Table 4-1 calculates the required transmit power of a WLAN device. The
transmit power is selected for a specified transmitter gain and receiver gain to overcome the
effects of free space path loss and miscellaneous loses due to building penetration and system
components. The noise power budget in Table 4-2 calculates the receiver noise power. For

these calculations, a poor quality receiver with a noise figure of 10 dB is assumed.

A 1 mW transmitter operating at 9.35 GHz separated from the receiver by 50 meters
results in a SNR of 11.5 dB when omni-directional antennas are employed in the links. The
SNR of 11.5 dB provides a margin of 3.1 dB over the minimum required SNR; consequently,
a reliable link exists. This transmit power and distance is reasonable according to the

assumptions and agrees with values of existing WLANS such as Bluetooth [53].

Parameter Value Justification
P, = WLAN transmitter power -30.0 dBW Derived from
Link Budget
Gi = WLAN transmitter antenna gain 0.0dB Assumption
[52, 53]
G, = WLAN receiver antenna gain 0.0dB Assumption
[52, 53]
Lo = Free space path loss at 9.35 GHz -85.9 dB Path Loss
over 50 meter Equation
Lmisc = losses due to building penetration -7.0 dB Assumption
and system losses [35]
P, = Received power at RF filter -122.9dBW  Derived from
Link Budget

Table 4-1. Power budget for narrowband WLAN link.
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Parameter Value Justification

Kk = Boltzmann’s constant -228.6 dBW/K/Hz  Physical Value

Ts — 290(101 _1) 34.2 dBK Assumption of
inexpensive
receiver

Bn =1MHz 60 dBHz Assumption
[52, 53]

N = Receiver noise power -134.4 dBW Derived from
Link Budget

Table 4-2. Noise Power budget for narrowband WLAN receiver.

The coverage regions and the total coverage area of the AWR depend on the angle of
the beam depressed from the horizon and beamwidth of each pattern lobe. Table 4-3 shows
that the average number of aircraft interfering with an AWR in the main lobe (region 2) is 15.
WLAN in the first sidelobe has slightly less than 1 interfering AWR on average (region 3).
The average number of AWRs illuminating WLAN links with the second sidelobe is near 0

but we have included on average 1 AWR interferer to allow for an extra margin of safety.

Region Tilt Beamwidth R Riax Average Interference to
Number of  Desired
Aircraft Signal Ratio

0 12.2° 1.2° N/A N/A 0 N/A

1 7.9° 2.0° N/A N/A 0 N/A

2 0° 5.0° 112km 288km 15 20.9dB

3 -7.9° 1.2° 32 km 41 km 1 34.9dB

4 -12.2° 2.0° 22 km 24 km 1 38.7 dB

Table 4-3. Average number of interfering aircraft and interference to desired signal ratio for
the main lobe and first two sidelobes of an airborne weather radar antenna pattern.

In all regions the received signal from an AWR is at least 20 dB higher than the

desired WLAN signal, assuming a 1 mW WLAN transmitter power and a separation between
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the WLAN receiver and transmitter of 50 meters. These values agree with standards for
802.11 b/g and Bluetooth [52, 53]. Interference power at least 200 times higher than desired
signal level allows for the assumption that the BER of a WLAN link receiving AWR
interference is 50%. Combining the BER during interference in each region and likelihood
of receiving AWR caused interference yields (4.19). Equation (4.19) models the BER of a
digital narrowband WLAN link in shared spectrum with AWR.

4

B, = 24:[ (-7, )]P[errorlno 1nterference]+2[ 7,(a,—e ) P[errorlinterference in ith region]}

i= i=0

(4.19)

Because the BER during interference regardless of the region is 50%, (4.19) is simplified to

P, = 24:[ +(1-7, ]P[errorlno interference ] +0. 001(17 e‘”); (4.20)

i=0

The remaining unknown in (4.20), the probability of bit error without interference, is
calculated to be 10™* with a 3.1 dB margin using established models of BER of BPSK
systems in AWGN. Thus, the final probability of bit error in a digital narrowband WLAN
link in shared spectrum with AWR is

g,=(e*7+1—10*)10*V+10*(17—e—”)%, (4.21)

where the beamwidth of each lobe is assumed to be 5° and assuming a duty cycle of 0.001
with the antenna pointed away from a single link 94% of the time. In a Victor airway, the
total BER of a narrowband digital WLAN is simply 3.5%10. In a jetway, there are an
average of 37 AWR that interfere either with the main lobe or sidelobes resulting in a BER of
6.5%10™.

The effects of AWR interference on the BER of a digital narrowband WLAN in
shared spectrum is on the order of 10™* with typical low duty cycle AWR scanning

horizontally over 90°. To calculate this BER, the main lobe and first two sidelobes of the
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AWR antenna pattern were considered to interfere with illuminated WLAN causing the worst
case BER of 50%. This BER during interference is justified because the received power
from AWR transmissions is at least 200 times greater than the desired information bearing
signal. The BER of narrowband, frequency hopping spread spectrum, and direct sequence

spread spectrum WLANSs over a wider range of conditions are discussed in Chapter 5.
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Chapter 5
Feasibility of Spectrum Sharing between Airborne
Weather Radar and Wireless Local Area Networks

The feasibility of spectrum sharing between airborne weather radar (AWR) and
wireless local area networks (WLANS) is determined by applying the metrics and
assumptions developed in Chapter 2 and Chapter 3 to various types of WLANSs. In this
chapter, potential WLANSs for spectrum sharing are defined and recommendations are made
for each WLAN based on the results of the metric calculations. Calculations show that
narrowband systems are not suitable for spectrum sharing, but direct sequence spread
spectrum (DSSS) and frequency hopping spread spectrum (FHSS) systems warrant further

study.

AWR is the primary service allocated to 9.3 GHz — 9.5 GHz requiring that any other
systems operating on the same frequencies, such as WLANSs, cause minimal interference. To
measure interference received by AWR in shared spectrum, this thesis developed the metric
of total effective interference, I,,,,;. Any interference above the maximum allowable received
interference power, I, is harmful to AWR and could violate exclusive use guarantees
provided by the Federal Communications Commission (FCC) to AWR. For the FCC to

allow spectrum sharing there must be a very low likelihood of exceeding /4.

5.1 Review of Metrics, Scenarios, and Assumptions for Spectrum
Sharing

Spectrum sharing between AWRs and WLANSs occurs inside an area on the ground

defined by the AWR antenna pattern. This coverage area is occupied by WLAN devices
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transmitting and receiving within 9.3 GHz — 9.5 GHz. At any given moment, an AWR in
shared spectrum receives interference from all WLAN links inside a coverage area that are
transmitting within the receiver bandwidth of the AWR. Paralleling this received
interference, AWRSs cause interference to all WLANS in the coverage area by transmitting at

the entire 9.3 GHz — 9.5 GHz range.

The received interference by an AWR from a coverage area, determined by the
equivalent power beamwidth model, is measured by the likelihood that the number of
WLAN:S in a coverage area, Sy, is less than the number that causes harmful interference, m,
shown in (5.1). Equation (5.1) assumes that an AWR is present, the user density is 1, the
coverage area is A, and that the probability of individual WLAN links interfering with AWR

is p.

P[S,,A < m‘ AWR is present, 7, A] =

A Ak
("k jp" (1-p)" 5.1)

k=0
Assuming WLAN links are distributed uniformly over the entire coverage area, the

number of WLAN links required to exceed 7,4y, iS

4z)’'L,. (R, R
m—{hm(”)"w(m”‘)%mm, (5.2)

PGG A’

where the number of links, m, is I,,,, multiplied by the inverse of the path loss equation
where the distance squared term in the path loss equation , R, is replaced by the product
R,xR.. The parameters of path loss are wavelength A, WLAN transmit power, P,, WLAN
antenna gain, G;,, AWR antenna gain, G,, distance squared R,,,.R., and miscellaneous losses

Lmisc-

Manipulating (5.1) produces (5.3), which shows the likelihood that the total effective
interference, Iy, €xceeds I,,,.. Equation (5.4) assumes all WLANS in a coverage area are
interfering with a present AWR by setting p = 1. Equation (5.3) and (5.4) measures the

effects of interference from the perspective of AWR. This likelihood, in conjunction with the
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bit error rate of WLAN links in shared spectrum, determines the feasibility of spectrum

sharing.

P, =P[ 1, 21,,|AWR is present,n, A]=1-P| S, <m| AWR is present,, A | (5.3)
P =P[1,,21,,|AWRis present,n,A, p=1]= LoaA>m (5.4)
1 total = ~ max p ”7’ ’p O, ﬂASm .

The reciprocal problem, interference from AWRs, cause bit errors which must be
tolerated by WLAN links. The equivalent power beamwidth of the main lobe was sufficient
to model the coverage area of WLAN to AWR interference; to accurately model the
reciprocal problem, the coverage area is described by the main lobe and sidelobes of the
antenna. The main lobe and first two sidelobes are considered resulting in (5.5) which

measures the effects of AWR interference into WLANS as a bit error rate (BER).

F, < (e_a + (1—2’)) P[errorino interference ]+ T(a —e )%’

4 (5.5)

where 7 =max(z,,7,,7,,7,,7,), and a= Zai
i=0

In (5.5), T weights the BER during interference, T(a —e )% , and without

interference (e“‘ +1- T) P [errorlno interference] to represent the intermittent transmission

and horizontal scanning of the AWR. The parameter 1 is the probability that a present AWR
is interfering with a specific WLAN,

o .
D— , 8<45
T= 90 -6 , (5.6)

D 6>45

where D is the duty cycle and 0 is the beamwidth of the main lobe of the antenna pattern.

Equation (5.7) shows the mean number of AWR present, a, which is determined by the
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. L 1 .
arrival rate A and the service time —. The mean number of AWR present is the sum of the
Yz,

mean number of AWR present in each of the ith coverage regions because these are mutually

exclusive events.

4 4
E[Nl=a=>a,= zi aircraft (5.7)
i=0 i=0 i
The BER rate during interference is assumed to be 50%. For WLANSs in shared spectrum to
operate reliably, a BER of 10 must be attainable. The probability of error with no
interference is calculated depending on the specific type of WLAN, and a is calculated

depending on the sharing scenario.

Two scenarios are chosen to represent the worst cases of interference. The first
scenario, WLANSs operating under a jetway, causes the most frequent interference to a
WLAN due to the jetway’s high rate of traffic. The second scenario, WLANS operating in a
Victor airway, causes the highest level of interference to AWR due to the small separation

between AWR and WLAN interferers.

Aircraft in jetways typically travel at velocities of 250 meters per second (about 490
knots) with an en route altitude of 11 kilometers (36,000 feet) mean sea level (msl) [13-15].
Analysis from Chapter 3 determined the coverage area, A, is 5,568 square kilometers. The
total number of links in the coverage area, Nyay = An, is 5.6x10° links, assuming a link
density of 1000 links per square kilometer. Using the equivalent power beamwidth, R, 1s
432 kilometers and R, is 175 kilometers. The coverage area produced by aircraft in Victor
airways is 2,545 square kilometers. These aircraft typically travel at velocities of 200 meters
per second (about 390 knots) with an en route altitude of 5 kilometers (16,000 feet) msl [13-
15]. Again, assuming link density of 1000 links per square kilometer the total number of
links in the coverage area, Nyran = An, is 2.5x10° links. In Victor airways, Ry, 1S
288 kilometers and R, is 108 kilometers The large number of links in coverage areas for both

jetways and Victor airways will likely cause harmful interference to AWR.
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For AWR to WLAN interference, the maximum and minimum possible separations
for each coverage region, R, and R, along with the average number of aircraft for jetways

are shown in Table 5-1. Table 5-2 shows these values for Victor airways.

Region Tilt Beamwidth R Rimax Average Number of Aircraft
0 13.2° 1.2° N/A N/A 0

1 8.9° 2.0° N/A N/A 0

2 1° 5.0° 175km 432km 34

3 -6.9° 1.2° 64 km 80 km 2

4 -11.2° 2.0° 46 km 50 km 1

Table 5-1. Average number of interfering aircraft and interference to desired signal ratio for
the main lobe and first two sidelobes of an airborne weather radar antenna pattern for a
jetway.

Region Tilt Beamwidth R Rimax Average Number of Aircraft
0 12.2° 1.2° N/A N/A 0

1 7.9° 2.0° N/A N/A 0

2 0° 5.0° 112km 288km 15

3 -7.9° 1.2° 32 km 41 km 1

4 -12.2°  2.0° 22 km 24 km 1

Table 5-2. Average number of interfering aircraft and interference to desired signal ratio for
the main lobe and first two sidelobes of an airborne weather radar antenna pattern for a
Victor airway.

5.2 Narrowband Wireless Local Area Network

Initial analysis is performed on a narrowband digital communications system. A

symbol rate, R, of 1 MHz is chosen to match the symbol rate of an 802.11b system and the
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bandwidth of Bluetooth [52, 53]. The bandpass bandwidth is 2 MHz resulting from raised
root cosine pulses with a chosen roll-off factor of 1. Occupied bandwidth, W, of a bandpass

raised root cosine signal is related to the symbol rate, R;, and the roll-off factor a
W=R (1+a) Hz (5.8)

Noise bandwidth of the WLAN receiver is 1 MHz, numerically equal to the symbol
rate R, = R, =1 Mbpsin this example. Binary phase shift keying (BPSK) modulation has the

target BER of 1x10™ with a signal to noise ratio (SNR) of 8.4 dB. The required SNR for a
BSPK signal in additive white Gaussian noise (AWGN) is calculated using (5.9). In (5.9),
the probability of error, P,.ppsk, 1s related to the signal power, S, and the noise power, N. The
BER calculation assumes an ideal coherent receiver with perfect synchronization and zero

intersymbol interference.

Pipsk = Q{ 2%) 5.9

To meet the target SNR at the WLAN receiver, a | mW transmitter is required.
A 1 mW transmitter operating at 9.35 GHz separated from the receiver by 50 meters results
in a SNR of 11.5 dB when omni-directional antenna are employed in the links.. The SNR of
11.5 dB provides a margin of 3.1 dB over the minimum required SNR; consequently, a
reliable link exists. The link margin is required to overcome unexpected signal degradations
and idealization in the analysis. This transmit power and distance is reasonable according to
the assumptions and agrees with values of existing WLANS such as Bluetooth [53]. A link
budget calculating the required transmit power for a narrowband wireless local area network

link is included in Appendix B.
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5.2.1 Interference into Airborne Weather Radar from Narrowband Wireless
Local Area Networks

The transmit power derived from the link budgets and verified against known systems
is now used to calculate the likelihood that the total effective interference from all WLAN
links in a coverage area, ..., €xceeds the maximum allowable received interference power,
Lnax. This likelihood, P;, shows that if the number of links in the coverage area, nA, is less
than or equal to the maximum allowable links, m, then the probability of harmful interference
is zero; otherwise, the interference will be harmful to AWR and spectrum sharing is not
advisable. The maximum allowable links, m, is calculated using (5.10) with all parameters

summarized in Table 5-3.

1 (47)’L. (R R
m:\\ max( 7[) mlSC( max “)‘ links (510)

PGG.A’
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Parameter

Value

Justification

l max

2

(47)

Lmisc

Rmach

Py

G

= Maximum allowable received

interference power

and system losses

area

= WLAN transmitter power

= WLAN transmitter antenna gain

= AWR receiver antenna gain

= losses due to building penetration

= Path loss distance is the product
of the maximum and minimum
possible separation between
AWR and WLAN in a coverage

= wavelength at 9.35 GHz squared

= maximum allowable WLAN links

-142.6 dBW

22.0dB

7.0dB

108.8 dB
meters squared
for jetways

104.9 dB
meters squared
for Victor
airways

-30.0 dBW

0.0dB

32.0dB

-29.9dB
meters squared

Assumption [16]

Constant

Assumption [35]

Derived from
scenario

Derived from
scenario

Derived from Link
Budget

Assumption [52,
53]

Assumption see
Table 3-1

Center frequency

201 links for
jetway scenario

82 link for
Victor airway
scenario

Derived from (5.10)

Table 5-3. Parameters for narrowband WLAN to AWR interference calculations. The
maximum allowable links is 204 links in a jetway and 83 links in a Victor airway. There are
more links expected than allowed in a coverage area for both jetways and Victor airways.
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There are 5.6x10° links in coverage areas below jetways and 2.5x10° links for Victor
airways, but the maximum allowable number of WLAN links is 201 for jetways and 82 for
Victor airways. Assuming that all WLANSs links interfere with AWR, a narrowband system

can not be used in coverage area underneath jetways or Victor airways.

The assumption that all links interfere with AWR is overly pessimistic. A more
sophisticated model is to assume that each WLAN link interferes with AWR with a specified
probability, p, that represents intermittent transmission of the WLAN link.

The parameter p is used in (5.3) to find Pj, the probability that the collective
interference from all WLAN links in a coverage area causes harmful interference to a present
AWR. For all non-trivial values of p, interference is still 100% likely. Figure 5-1 shows that
under the assumptions that each WLAN device transmits with 1mW of power, harmful
interference is assured, and spectrum sharing with AWR is not possible regardless of each
individual link’s probability of transmitting. In fact, the interference into AWR receivers is

expected to be at least 25 dB higher than the allowable level, as shown in Figure 5-2.
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Figure 5-1. Probability that the total effective interference received by all WLAN links in a
coverage area, i, €xceeds the maximum allowable received interference, /.. Harmful
interference is 100% likely in both jetways and Victor airways.
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Figure 5-2. Expected interference above the maximum allowable interference versus the
probability that a single WLAN interferes with a present AWR, p. Interference into AWR
receivers is expected to be at least 25 dB higher than the allowable level in both jetways and
Victor airways.

In most cases, holding the probability that a single WLAN link interferes constant (at
100%) and varying transmit power (from 0.1 mW to 1 mW) and link density (0 to 10 links
per km) also yields unfavorable results for spectrum sharing. Even with transmit power at
0.1 mW, the interference is expected to be at least 25 dB higher than the allowable level.
Reducing the number of links per square kilometer, on the other hand, does reduce the
expected interference to allowable levels. But Figure 5-3 shows that reductions below 1 link
per square kilometer are required. A link density below 1 link per kilometer is not acceptable
for local area networks in urban areas, but other applications or scenarios for a

communications system with extremely low link density may exist.
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Figure 5-3. Expected interference above the maximum allowable interference versus link
density. The expected interference approaches maximum allowable level as the link density
is decreased to below 1 per kilometer.

5.2.2 Bit Error Rate of Narrowband Wireless Local Area Networks in Shared

Spectrum with Airborne Weather Radar

The feasibility of spectrum sharing also depends on the performance of the WLAN
links. Despite the in high levels of interference inflicted on AWRs, the interference into

WLAN links is quite tolerable. The total BER, calculated with (5.5), in a jetway is 6.5x10™

10

and in a Victor airway is 3.5x10™. Equation (5.5) is restated below where the average

number of interferers, a, is 37 for the jetway scenario, and 17 for Victor airways.

B=(e +(1_T))Q[\/%J+T(a—e_“)%
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The BER with no interference is 10™ and the typical AWR duty cycle of 0.001 is
chosen. The AWR scans side to side in the azimuth direction covering 90° with the beam
reducing the time of interference by the scan factor,

0
90’ -6

, (5.11)

where 0 is the equivalent power beamwidth of the main lobe. The resulting weighting factor

for the probability of interference, T, is 6x107.

The BER of WLAN links in a coverage area with 37 AWR is only slightly worse than
with 17 AWR. In fact, Figure 5-4 shows that bit errors are highly resistant to multiple
aircraft carrying AWR. Even in the event that a WLAN link is within the coverage areas of
50 separate aircraft, the starred red curve shows the BER rate remains below 107 for the

typical duty cycle of 0.001 (0.1%) and scan factor of 0.06.
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Figure 5-4. Bit error rate of a WLAN link in shared spectrum with AWRs versus the number
of aircraft present carrying AWRs. Duty cycles and beamwidth for AWRSs are representative

of AWR specifications shown in Appendix C.

Although the BER is not sensitive to the number of AWR interferers, the duty cycle
of the interferers greatly affects the BER. In Figure 5-5, a sharp rise in BER is seen as the
duty cycle reaches 0.001 (t = 6x107). Above an AWR’s typical duty cycle of 0.001, BERs

continue to increase to 10 for both Victor airways and jetways.
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Figure 5-5. Bit error rate of a WLAN link in shared spectrum with AWRs versus the duty
cycle of the AWRs. Data points show duty cycles of real AWRs. Duty cycles of real AWRs
reach 0.13, but duty cycles above 0.01 have unreasonably high BERs. WLANs operating
under a jetway can expect an average of 37 interferers. In Victor airways the number of

aircraft carrying AWR is 17.

5.2.3 Recommendation of Spectrum Sharing for Narrowband Wireless Local
Area Networks

Spectrum sharing between AWRs and narrowband digital WLAN systems is not
advisable. The high probability of the WLAN links causing harmful interference to AWR
does not allow spectrum sharing. Though AWR cannot tolerate the interference, the bit error

rates in the WLAN links are sufficiently low to operate in shared spectrum.
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5.3 Direct Sequence Spread Spectrum Wireless Local Area Network

The emissions from wireless local area network (WLAN) transmissions can cause
interference to airborne weather radars (AWRs) in shared spectrum. To minimize this
interference the transmit power of the WLAN links can be spread across a bandwidth larger
than the AWR receiver bandwidth using direct sequence spread spectrum (DSSS)
modulation. Power outside the receiver bandwidth does not cause interference and is
modeled as a reduction of the total effective interference by the on-tune rejection factor

(OTR) defined in decibels. The OTR is

OTR =0 for B,. 2 B,

IF —

OTR =10log(B, /B,.) forB, <B, , (5.12)

where B;r is the 3 dB bandwidth of the AWR receiver and Bris the transmitter 3 dB
bandwidth in Hz [16]. The 3 dB bandwidth of a typical AWR receiver is 2 MHz as discussed
in Section 3.1.2. The reduced interference is modeled by modifying of the maximum

allowable users, m, to include the OTR.

(47[)2 Lmisc (RmaxRL ) :
m=|1 OTR | links . (5.13)

max PTGT Grﬂz

Using a data symbol rate , R;, of 1 MHz to match the narrowband WLAN, a spreading
gain of 200 is chosen in order to occupy the entire 9.3 GHz — 9.5 GHz range. The spreading

gain, G, is the ratio of the total bandwidth of the signal to the data rate,

G=V_R (5.14)
R R

s




where W is the total occupied bandwidth, R}, is the data symbol rate, and R, is the rate of the
spreading sequence called the chipping rate. The performance of a DSSS system in AWGN

is identical to a narrowband system with the same assumptions requiring a 1 mW transmitter.

The data signal uses BPSK modulation to reach the target BER of 1x10™ with the
required signal to noise ratio (SNR) of 8.4 dB. The required SNR for a BSPK modulated
DSSS signal in additive white Gaussian noise (AWGN) is identical to the required SNR for
the narrowband case. A 1 mW transmitter provides a margin of 3.1 dB over the minimum
required SNR. This transmit power and distance is verified against existing WLANSs such as
Bluetooth [53]. Appendix B presents a link budget calculating the required transmit power

for this direct sequence spread spectrum link assuming no co-channel interference.

5.3.1 Interference into Airborne Weather Radar from Direct Sequence Spread

Spectrum Wireless Local Area Networks

The transmit power is now used to calculate the likelihood that the total effective
interference from all WLAN links in a coverage area, I,,,,;, exceeds the maximum allowable
received interference power, I,,,,. If the number of links in the coverage area, nA, is less than
or equal to the maximum allowable links, m, then the probability of harmful interference is
zero; otherwise, the interference will be harmful to an AWR and spectrum sharing is not
advisable. The maximum allowable links, m, is calculated using (5.15) with all parameters
represented in decibels summarized in Table 5-4. The OTR is included to model power
transmitted outside of the radar receiver bandwidth of 2 MHz.

1, (47) L, (R,.R.)

m= 5 +OTR | links (5.15)
PGG.A
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Parameter Value Justification

I max = Maximum allowable received -142.6 dBW Assumption [16]
interference power
(47[)2 22.0dB Constant
Lmisc = losses due to building penetration 7.0dB Assumption [35]
and system losses
108.8 dB Derived from
= Path loss distance is the product of meters for scenario
R_R the maximum and minimum possible Jetways
ma’e  separation between AWR and WLAN 104.9 dB Derived from
In a coverage area meters for scenario
Victor airways
Py = WLAN transmitter power -30.0 dBW Derived from Link
Budget
Gy = WLAN transmitter antenna gain 0.0dB Assumption [52,
53]
G = AWR receiver antenna gain 32.0dB Assumption see
Table 3-1
N2 = wavelength at 9.35 GHz squared -29.9 dB meters Center frequency
20.0dB 200 MHz WLAN
o transmitter and a 2
OTR = on-tune rejection factor MHz AWR receiver
bandwidth
20,127 links for
jetway scenario
m = maximum allowable WLAN links 8255 links for Derived from (5.10)
Victor airway
scenario

Table 5-4. Parameters for direct sequence spread spectrum WLAN to AWR interference
calculations. The maximum allowable links is 20,127 links in a jetway and 8255 links in a
Victor airway. The number of allowed links exceeds the number of expected links in a
jetway and Victor airway coverage areas.

There are 5.6x10° links in coverage areas below jetways and 2.5x10° links for Victor
airways, and the maximum allowable number of WLAN links is 20,127 for jetways and 8255

links for Victor airways. The total number of links far exceeds the maximum allowable in
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coverage areas for jetways and Victor airways; therefore, DSSS WLANs cause harmful
interference to AWR. Even assuming that links are not continuously operating, spectrum
sharing is not feasible for all non-trivial probabilities that WLAN links do not interfere with a

present AWR.

Favorable results can be achieved by holding the probability that a single WLAN link
interferes with AWR constant at 1 and varying transmit power and link density. Reducing
the number of links to 4 per square kilometer reduces the expected interference to allowable
levels. But, reductions of transmit power as low as 0.1 mW still produces interference 5 dB
higher than the allowable level. Intermittent transmissions do not allow spectrum sharing
either; again, expected interference is 5 dB higher than the allowable level with each WLAN
link only transmitting 1% of the time. A combination of lowered probability of transmission
and transmit power, shown in Figure 5-8, does reduce interference to allowable levels. A
direct sequence spread spectrum communications system does offer the opportunity to create
a system that is capable of sharing spectrum with AWR. Spectrum sharing can be
accomplished by reducing the number of links per squares kilometer, reducing the transmit

power, and reducing the likelihood of transmission as allowed by the system parameters.
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Figure 5-6. Expected interference above the maximum allowable interference versus WLAN
transmit power. Interference into AWR receivers is expected to be at least 10 dB higher
than the allowable level in both jetways and Victor airways with a minimum transmit power of
0.1 mW with the probability that a single WLAN link interferes with an AWR is 100%.
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Figure 5-7. Expected interference above the maximum allowable interference versus link
density. The expected interference approaches maximum allowable level as the link density
is decreased to below 5 per kilometer.
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Figure 5-8. Expected interference above the maximum allowable interference versus WLAN
transmit power. Interference into AWR receivers is below the maximum level in both
jetways and Victor airways with a minimum transmit power of 0.1 mW and a probability that
a single WLAN link interferes with an AWR of 5%.

5.3.2 Bit Error Rate of Direct Sequence Spread Spectrum Wireless Local Area
Networks in Shared Spectrum with Airborne Weather Radar

Spectrum sharing between AWR and WLANSs does cause harmful interference to an
AWR, but the BER of WLAN links in shared spectrum are reasonably low. The assumptions
used to develop (5.5) are valid for DSSS links and total BER calculations parallel the
narrowband case. The use of 50% BER during interference is justified because the received
interference from an AWRs is much larger than the received WLAN signal. Transmissions

from AWR are modeled as pulsed interference over the entire band of operation of DSSS
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links. This type of interference is treated as an additional noise source due to the despreading

process in the DSSS WLAN receiver [37].

2G5rj 5.16)

Pb_ Jjammer = Q{ J

Equation (5.16) shows the BER of a DSSS link in shared spectrum with an AWR,
where the duty cycle of AWR is 1, the signal power is S, the noise power is N, and the peak
interference power is J. The received power from a desired WLAN signal is -122.8 dBW
and the expected received power from an AWR is -89.6 dBW, resulting in a BER during

interference of 50%.

The total BER, calculated with (5.5), in a jetway is 6.5x10™. The BER in a Victor
airway is 3.5x10™. This total BER assumes the BER with no interference is 10, the BER
with interference is 50%, the typical AWR duty cycle is 0.001, and the antenna is not
pointing at the WLAN link 94% of the time due to horizontal scanning. WLANSs in coverage
areas defined by the jetway scenario have an average of 37 interfering AWR and 17

interferers are present in the Victor airway scenario.

As with the narrowband system, the BER of WLAN links in a coverage area with 37
AWRs is only slightly worse than with 17 AWR. In fact, bit errors are highly resistant to
multiple aircraft carrying AWR. Even with the unlikely event that a WLAN link is within
the coverage areas of 50 separate aircraft, the starred red curve shows the BER rate remains
below 5x107 for the typical duty cycle of 0.001 (0.1%), and scan factor of 0.03. Although
the BER is not sensitive to the number of AWR interferers, the duty cycle of the interferers
greatly affects the BER. As with the narrowband case, BER increases to 107 for both Victor

airways and jetways for duty cycles above 0.1%.
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5.3.3 Recommendation of Spectrum Sharing for Direct Sequence Spread
Spectrum Wireless Local Area Networks

Spectrum sharing between airborne weather radar and DSSS WLAN is not feasible
because interference from the DSSS WLAN into AWRs is harmful under current
assumptions. Harmful interference could be reduced to acceptable levels by a combination
of lower link density, lower transmit power, and lower duty cycle. A system under these
assumptions is capable of sharing spectrum with AWR, and the interference from AWR is

sufficiently infrequent to not disrupt operation of the WLAN system.

5.4 Frequency Hopping Spread Spectrum Wireless Local Area
Network

A frequency hopping spread spectrum communications system distributes harmful
interference from WLANSs across a wide bandwidth, potentially reducing the impact of this
interference to AWRs. The bandwidth is spread by hopping the center frequency of the
transmit signal to N different frequencies. We assume the signal is hopped at a chipping rate,
R, equal to the symbol rate, R,. A symbol rate of 1 MHz is chosen to match the symbol rate
of the narrowband WLAN. The bandpass bandwidth is 2 MHz non-coherent, non-phase
continuous binary frequency shift keying (BFSK) per chip [36].

Binary modulation is used to reach the target BER of 1x10™ with the required signal
to noise ratio (SNR) of 12.3 dB. The required SNR for a BFSK signal in additive white
Gaussian noise (AWGN) is calculated using (5.17) [30]. In (5.17), the probability of error,
P.srsk, 1s related to the signal power, S, and the noise power, N. The BER calculation
assumes an ideal non-coherent receiver with perfect synchronization and zero intersymbol

interference.
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Pprsk = %e_ZN (5.17)

To meet the target SNR at the WLAN receiver, a link budget is used to determine the
required transmit power. The transmit power is chosen to provide an SNR with sufficient
link margin to account for idealization in the analysis and unexpected signal degradations.
The power budget in Table 5-5 calculates the required transmit power of a WLAN device.
The transmit power is selected for a specified transmitter gain and receiver gain to overcome
the effects free space path loss and miscellaneous loses due to building penetration and
system components. The noise power budget in Table 5-5 calculates the receiver noise
power. For these calculations, a typical receiver with a noise figure of 10 dB is assumed.
Notice that the noise bandwidth is 1 MHz because a non-coherent receiver uses an integrator
which acts as a matched filter for an FSK signal. Additional noise introduced by non-

coherent reception in the in-phase and quadrature channels is included in the BER equation.

A 2.5 mW transmitter operating at 9.35 GHz separated from the receiver by 50 meters
results in a SNR of 15.6 dB. The SNR of 15.6 dB provides a margin of 3.3 dB over the
minimum required SNR; consequently, a reliable link exists. This transmit power and
distance is reasonable according to the assumptions and agrees with values of existing

WLANS such as Bluetooth [53].
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Parameter Value Justification

Py = WLAN transmitter power -26.0 dBW Derived from
Link Budget
G; = WLAN transmitter antenna gain 0.0dB Assumption
[52, 53]
G, = WLAN receiver antenna gain 0.0dB Assumption
[52, 53]
L, = Free space path loss at 9.35 GHz -85.9 dB Path Loss
over 50 meter Equation
Lnisc = losses due to building penetration -7.0 dB Assumption
and system losses [35]
P, = Received power at RF filter -118.9dBW  Derived from
Link Budget

Table 5-5. Power budget for frequency hopping spread spectrum WLAN link.

Parameter Value Justification

K = Boltzmann’s constant -228.6 dBW/K/Hz  Physical Value

Ts _ 290(101 _1) 34.2 dBK Assumption of
inexpensive
receiver

Bn =1MHz 60 dBHz Assumption
[52, 53]

N = Receiver noise power -134.4 dBW Derived from
Link Budget

Table 5-6. Noise Power budget for frequency hopping spread spectrum WLAN receiver.

5.4.1 Interference into Airborne Weather Radar from Frequency hopping
spread spectrum Wireless Local Area Networks

The transmit power and BER derived from the link budgets and verified against
known systems are now used to calculate (5.4): the likelihood, Py, that the total effective

interference from all WLAN links in a coverage area, I,,,,;, exceeds the maximum allowable
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received interference power, I,,,,. If the number of links in the coverage area, nA, is less than
or equal to the maximum allowable links, m, then the probability of harmful interference is
zero; otherwise, the interference will be harmful to AWR and spectrum sharing is not
advisable. The maximum allowable links, m, is calculated using (5.10) with all parameters

represented in decibels summarized in Table 5-7.

(5.18)

Imax (47[)2 Lmivc (Rmach) .
m= - links
PGG.A’
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Parameter

Value

Justification

Imax

Rmach

= Maximum allowable received
interference power

= losses due to building penetration
and system losses

= Path loss distance is the product of
the maximum and minimum possible
separation between AWR and WLAN
in a coverage area

= WLAN transmitter power

= WLAN transmitter antenna gain
= AWR receiver antenna gain

= wavelength at 9.35 GHz squared

= maximum allowable WLAN links

-142.6 dBW

22.0dB

7.0dB

108.8 dB
meters squared
for jetways

104.9 dB
meters squared
for Victor
airways

-26.0 dBW

0.0dB
32.0dB

-29.9 dB meters
squared

Assumption [16]

Constant

Assumption [35]

Derived from
scenario

Derived from
scenario

Derived from Link
Budget

Assumption [52, 53]

Assumption see
Table 3-1

Center frequency

80 links for
jetway scenario

32 link for Victor
airway scenario

Derived from (5.10)

Table 5-7. Parameters for frequency hopping spread spectrum WLAN to AWR interference
calculations. The maximum allowable links is 80 links in a jetway and 32 links in a Victor
airway. There are more links expected than allowed in a coverage area for both jetways
and Victor airways.

There are 5.6x10° links in coverage areas below jetways and 2.5x10° links for Victor

airways, but the maximum allowable number of WLAN links is 80 for jetways and 32 for

Victor airways. To model a FHSS WLAN it is assumed that each WLAN link is transmitting

in frequencies uniformly distributed across the total 200 MHz spectrum of operation. The
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receiver bandwidth of the AWR is similarly distributed across these 200 MHz. Any overlap
in the transmission frequencies and receiver bandwidth is considered harmful interference.

The resulting probability that a single WLAN link interferes with AWR is

N /4 +W
p — AWR ( WLAN AWR) , (519)

200

where Nawr 1s number of AWRS, Wyay 1s the bandwidth of the WLAN transmitter, and
Wawr 1s the AWR receiver bandwidth. The bandwidths are normalized by the total
bandwidth to create a valid probability from O to 1.

The parameter p is used in (5.3) to find P,, the probability that the collective
interference from all WLAN links in a coverage area causes harmful interference to a present
AWR. This probability is plotted in Figure 5-9 over all possible values of p. For the
frequency hopping spread spectrum case, Wyay equals 2 MHz and Wywg 2 MHz resulting in
pequal toN ,,,-0.035. The AWR receiver bandwidth, Wywg, of 2 MHz is based on data
collected from typical AWR summarized in Table 3-1. Using these bandwidths, P;is above
100% for both jetways and Victor airways. For all non-trivial probabilities that a single link
interferes with a present AWR the probability of harmful interference does not allow

spectrum sharing.
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Figure 5-9. Probability that the total effective interference received by all WLAN links in a
coverage area exceeds the maximum allowable received interference. Harmful interference
is 100% likely in both jetways and Victor airways.

Results similar to the narrowband WLAN indicating spectrum sharing is not feasible
are also found in the FHSS WLAN. These results are found by holding the probability that a
single WLAN link interferes with an AWR constant at 0.035 (one AWR is present) and
varying transmit power and link density. Even with transmit power at 0.1 mW, the
interference is expected to be 20 dB higher than the allowable level. Reducing the number of
links per square kilometer, on the other hand, does reduce the expected interference to
allowable levels, but reductions below 1 link per square kilometer are required. A link
density below 1 link per square kilometer is not acceptable for local area networks in urban
areas, but other applications or scenarios for a communications system with extremely low

link density may exist.

5-30



5.4.2 Bit Error Rate of Frequency hopping spread spectrum Wireless Local
Area Networks in Shared Spectrum with Airborne Weather Radar

The feasibility of spectrum sharing also depends on the performance of the WLAN
links. The BER of WLAN links in a coverage area combined with the probability of harmful
interference to AWR is needed to fully evaluate spectrum sharing. The total BER, calculated
with (5.20) for a FHSS link, in a jetway is 6.5x10'4, and in a Victor airway is 3.5x10™. This
BER assumes an average number of interferers, a, is 37 for the jetway scenario, and 17 for
Victor airways. The BER with no interference is 10™ resulting from a SNR of 12.5 dB and
50% BER during interference. The duty cycle is 0.001 and the WLAN is only illuminated

94% of the time by the AWR antenna as it sweeps through its horizontal scan.

S

P, :(e_“+(1—f))%e_“’ +Z'(a—e_“)% (5.20)

In the frequency hopping case, the BER of WLAN links in a coverage area with 37
AWRs is only slightly worse than with 17 AWRs. In fact, Figure 5-10 shows that bit errors
are highly resistant to multiple aircraft carrying AWR. Even in the unlikely event that a
WLAN link is within the coverage areas of 50 separate aircraft, the starred red curve shows
the BER rate remains below 5x107 for the typical duty cycle of 0.1% and a scan factor of
6%.
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Figure 5-10. Bit error rate of a WLAN link in shared spectrum with AWRs versus the number
of aircraft present carrying AWR. Duty cycles, 1, are representative of duty cycles for AWRs

shown in Appendix C.

The duty cycle of the interferers greatly affects the BER, and frequency hopping does
not protect the system from interference because interference is expected over the entire
9.3 GHz — 9.5 GHz band. A similar result to the narrowband and DSSS case is found.
Figure 5-11 shows a sharp rise in BER is seen as the duty cycle reaches 0.001 (t = 6x107).
Above an AWR’s typical duty cycle of 0.001, BERs continue to increase to 10 for both

Victor airways and jetways.
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Figure 5-11. Bit error rate of a WLAN link in shared spectrum with AWR versus the duty
cycle of the AWRs. Data points show duty cycles of real AWRs. Duty cycles of real AWRs
reach 0.13, but duty cycles above 0.01 have unreasonably high BERs. An average of 37
and 17 AWRs interferers are plotted. WLANs operating under a jetway can expect an
average of 37 interferers. In Victor airways the number of aircraft carrying AWR is 17.

5.4.3 Recommendation of Spectrum Sharing for Frequency hopping spread

spectrum Wireless Local Area Networks

Spectrum sharing between AWR and FHSS digital communications systems is not
advisable. The high probability of the communications links causing harmful interference to
airborne weather radar does not allow spectrum sharing. Though AWR cannot tolerate the
interference, the bit error rates in the communications links are sufficiently low to operate in
shared spectrum. If interference with AWR can be prevented by improvements to the basic

FHSS system analyzed here, shared spectrum may be possible.
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5.5 Recommendations

The feasibility of spectrum sharing between AWR and WLANs depends on the
amount of interference received by an AWR. This is measured by the likelihood of harmful
interference and the BER of the WLAN in shared spectrum. Metrics developed in this thesis
to measure these two factors were applied to a narrowband, DSSS, and FHSS WLAN:S.
Spectrum sharing between AWR and narrowband or FHSS digital communications systems
is not advisable due to the high probability of the communications links causing harmful
interference to airborne weather radar. DSSS WLANSs can share spectrum with AWR with
sufficiently low user density because a large amount of transmitted power is outside the
AWR receiver bandwidth. In all cases, the BER in the communications links are sufficiently

low to operate in shared spectrum.
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Chapter 6

Conclusion

Spectrum sharing at 9.3 GHz — 9.5 GHz can provide a solution to the spectrum
shortage problem. Opportunities for spectrum sharing are explored by avoiding sharing at
congested frequencies near 2.4 GHz and 5.5 GHz and analyzing characteristics of flight paths
of aircraft using airborne weather radar and the low duty cycle of radar transmissions. This
thesis explores the feasibility of spectrum sharing between airborne weather radar (AWR)
and wireless local area networks (WLANSs) by developing the metric of likelihood of harmful
interference. The likelihood of harmful interference measures the probability that
interference emitted from a set of transmitters exceeds the allowable received interference
power of a receiver. In typical worst case scenarios, results show that uniformly distributed
WLAN links in metropolitan areas cause interference at least 10 dB above allowable levels.
Bit error rate (BER) performance of the WLAN links were also quantified by metrics
developed in this thesis. Calculations show that the BER due to AWR interference is
3.5x10™ to 6.5x10™, infrequent enough to be handled by detection and error correction

methods.

6.1 Metrics for Analysis of Interference in Shared Spectrum

The likelihood of harmful interference measures the likelihood that the total
interference, I,,.,;, €xceeds the maximum allowable received interference power, 1.
Equation (3.36) shows this likelihood for an AWR receiving interference from a coverage

area that is uniformly occupied by WLAN transmitters. This likelihood depends on the
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number of links in the coverage area, A, and the expected interference of those links,

(472')2 Lmivc (Rmax c) s g .
—— , and the AWR’s tolerability to interference, /.
PG.G A
. (47[)2 Lmisc (Rmach ) .
P = P[Imm, >1,. |AWR is present, ;7,A:| =1-P| S, <| 1, PGC L AWR is present, 77, A
t t r

(3.36)

Parameters which can be varied to find compatible systems are the transmit power of
the WLAN interferer, P,, the WLAN antenna gain, G, the user density, 1, and the likelihood
that a single WLAN link interferes with an AWR. All other parameters are defined by the
flight characteristics of aircraft carrying AWR or characteristics of the AWR. The
maximum, Ry, and minimum, R, possible separation between the AWR receiver and
WLAN transmitters is determined by the altitude of aircraft, the tilt angle of the AWR
antenna, and the radiation pattern of the AWR antenna. The maximum allowable received
interference power, 1,4y, 1s defined by the receiver’s tolerability to interference. The
interference received by the AWR receiver from WLAN links is modeled by the free space
path loss equation with wavelength, A, and miscellaneous losses, L. The binomially
distributed random variable, S,4, is the number of interfering links arising from a sum of
Bernoulli trials which model the likelihood that a single WLAN link in the coverage area is

interfering with a present AWR.

Interference affecting AWR is caused by transmissions of WLAN links within a
coverage area. The coverage area depends on the tilt angle of typical AWR, the beamwidth
of the AWR, and the altitude of the aircraft carrying the AWR. These parameters were found
by analyzing the flight characteristics of aircraft, the typical usage of AWR while aircraft are
en route, and typical characteristics of AWR. A unique model of the beamwidth of AWRs
was developed to include interference received from the entire antenna pattern. This model
eliminates the sidelobes present in typical antenna patterns by consolidating all of the power

received by these sidelobes into an equivalent power main lobe. Using the equivalent power
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main lobe, the tilt angle, and altitude; the coverage area is defined for two scenarios that

represent the typical worst case.

Two scenarios are chosen to represent the most likely and most severe cases of
interference. A jetway is the heaviest traveled airspace by aircraft carrying AWR; therefore,
a scenario considering WLANS operating under a jetway is an indicator of one possible worst
case performance of WLANs and AWR in shared spectrum. A Victor airway is the lowest
altitude route in which aircraft carry AWR; therefore, this scenario is also an indicator of

worst case performance for AWR and WLANSs operating in shared spectrum. [14, 15]

In addition for use in WLAN to AWR interference, the likelihood of harmful
interference for WLAN to AWR interference can be applied to any situation where a
uniformly distributed set of transmitters are interfering with a receiver and where the free
space path loss can be assumed. When these assumptions are not valid, an applicable metric
can be created with any distribution of interferers or any path loss to model any pair of
systems. The expected interference above the allowable level, a variation of (3.36), measures
the severity of the interference to show the expected interference above the allowable level.
The extent of the interference and required reduction of interference necessary for spectrum
sharing can be measured by adjusting parameters such as transmit power, link density, and
likelihood of individual WLAN links interfering with AWR. By adjusting these parameters a

system can be found that allows spectrum sharing.

The two scenarios used for WLAN to AWR interference analysis are also used to
estimate the performance of WLAN links in spectrum shared with AWR. Performance of
WLAN links in shared spectrum is modeled as a BER of a communications system in a
pulsed jammer environment. The likelihood of bit errors during interference (jamming)
depends on the number of AWRSs with coverage areas over the link of interest and the
likelihood that the AWRs are interfering with the link of interest. The coverage area for
interference analysis for affected WLANSs was found by using a distinct antenna pattern.

This pattern considers the main lobe and first two sidelobes of the AWR antenna which
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contribute the majority of interference. From the coverage area determined by the AWR
antenna, the arrival and departure rate of AWR over the WLAN link is found. A model was
developed from queuing theory to calculate the expected number of present AWR using the

arrival and departure rate. The bit error rate of WLAN links in shared spectrum
P, < (e“‘ +(1- z')) P|[errorino interference| + Z'(a —e™ )% (4.16)

depends on mean number of interferers, a, the likelihood that these interferers are interfering

with WLANS, 1, and the BER with no interference, P [errorlno interference]. AWRs

typically transmit with low duty cycles and rotate their beams in the horizontal direction to
scan 90° of azimuth ahead of the aircraft. The low duty cycle and horizontal scanning limits
the likelihood that AWRs are interfering with WLAN links. Typical coverage area are large,
200 — 500 km, resulting in low departure rates and consequently dozens of potentially
interfering AWR, but the low duty cycle, 0.1%, and horizontal scanning minimizes the

impact of AWR interference.

6.2 Results of Spectrum Sharing Analysis

The likelihood of harmful interference to AWR receivers, (3.36), depends on the
radiation pattern of the AWR antenna and the transmit power of WLAN links. The radiation
pattern covers an area on the surface of the Earth from which interference is received. Using
an antenna pattern developed in this thesis, it was found that the coverage area is 2545 —
5568 square kilometers. In large metropolitan areas, such as Los Angeles or New York, links
are uniformly distributed within the coverage area with a density of 1000 links per square
kilometer. WLAN links within a coverage area transmit RF interference into the AWR
receiver, and the many WLAN links (2 — 5 million) are the main contributors of interference.
Because the large number of links is the main contributor of interference, reducing other

parameters such as the transmit power of the WLAN links and the likelihood that an
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individual link interference with AWRSs does not significantly reduce the likelihood of
harmful interference. To achieve significant reductions in harmful interference, the density
of WLAN links must be reduced to 1 link per square kilometer for narrowband or frequency
hopping spread spectrum links. The link density can be up to 4 links per square kilometer
with direct sequence spread spectrum, because direct sequence spread spectrum distributes
much of the WLAN transmit power beyond the AWR receiver bandwidth. Interference into
AWR receivers is harmful in many cases, but interference from the AWRs do not cause
significant degradations in performance of WLAN links. The expected BER of a WLAN

link in shared spectrum is 5x10™ to 6.5x10™, assuming the BER without interference is 10,

From these results we can conclude that spectrum sharing between communications
systems and AWRs is feasible for a limited number of applications. Although widespread
use of WLAN links is not appropriate for spectrum sharing, limited spectrum sharing can be
achieved for applications where the number of active links is designed to be below
acceptable levels. Systems with infrequent or scattered use for residential, commercial,
industrial or agricultural applications warrant further study. Such systems include remote
tagging of livestock or infrastructure diagnostics and data collection (e.g. wireless meter
readers). Additionally due to their potential low link density, the downlink of regional
wireless area networks with base stations sparsely distributed or satellite uplinks for home

internet service warrant further study.

The results show that interference into AWR is problematic in spectrum sharing
scenarios but interference into WLAN links does not prohibit spectrum sharing. Unique
metrics developed in this thesis, the likelihood of harmful interference, (3.36), and BER of
WLANS in shared spectrum, (4.16), are used to judge the feasibility of spectrum sharing
between these two non-coordinating systems. Even though spectrum sharing is not feasible
between airborne weather radar and wireless local area networks, the generalized approach
used to develop these metrics can be applied to any system whose tolerability to interference

can be measured as a BER or as a total received interference power.

6-5






Appendix A
Glossary of Terms and Acronyms

AGL Above Ground Level — height of an object referenced from the
ground.
AWR Airborne Weather Radar — Radar used in commercial and general

aviation to detect weather phenomena such as storms and wind-
sheer. ABR can also be used for ground mapping to aid in
navigation [23].

BER Bit Error Rate — Probability of bit error in a communications
system.
BPSK Binary Phase Shift Keying — A modulation technique where data

is encoded as phase changes in the transmit waveform using only
two possible symbols.

CFAR Constant False Alarm Rate — A radar receiver processor that
automatically adjusts the decision threshold for detection to
maintain a constant probability of false alarm.

Chipping Sequence A pseudo-random sequence whose pulse period is much smaller
than the data symbol period. The chipping sequence is multiplied
to the data sequence to generate a spread spectrum signal with
bandwidth much wider than necessary to carry the data.

Coverage Area Area on the ground within the 3 dB beamwidth of a radar antenna
pattern. Used to calculate the received interference by airborne
weather radar.

Coverage Path The diameter of the coverage area as defined by a cone
representing the radar beam intersecting with a plane representing
the Earth. In two dimensions the beam is represented as a triangle
and the Earth plane as a line.

DSSS Direct Sequence Spread Spectrum — A spread spectrum technique
where the original data signal is multiplied by a high rate
chipping sequence.

EM Electromagnetic Spectrum — Range of electromagnetic waves
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ESD

B[]

FAA

FCC

FHSS

FSK

IIHS.X

Itotal

IF

I/N

with frequencies from 1Hz-10**Hz. Electromagnetic waves are
called waves, emissions or signals depending on context.

Energy Spectral Density — The squared magnitude of the Fourier
transform of a pulse shape in time.

Expected Level of Interference — The expected value of
interference from a coverage area filled with uniformly
distributed interferers.

Federal Aviation Administration - the body which regulates all
airspace in the United States

Federal Communications Commission — The FCC is responsible
for “processing applications for licenses and other filings;
analyzing complaints; conducting investigations; developing and
implementing regulatory programs; and taking part in
hearings.”[40]

Frequency Hopping Spread Spectrum — A spread spectrum
technique where the original data waveform is spread by moving
the center frequency to different nonoverlapping frequency
channels.

Frequency Shift Keying — A modulation technique where data is
sent on two or more discrete frequencies where each frequency
represents a different symbol. We assume non-coherent and non-
phase synchronous frequency shift keying that can be decoded
with a simple energy detector.

Maximum allowable received interference power. See P;.

Total effective interference from all WLAN links in a coverage
area. See P

Intermediate Frequency — A frequency between the incoming
radio frequency and baseband where signal processing or other
receiver operations are performed.

Interference to Noise Ratio — The level of received interference to
the noise of a receiver measured at the intermediate frequency
stage of a receiver after the radio frequency bandwidth filter but
before any processing or digitization.
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ISIT

ITS

ITU

Jetway

M/M/ Queuing System

MSL

NTIA

OTR

P;

PSD

PSK

Intersymbol Interference — interference between symbols within
the same pulse stream. See Nyquist zero intersymbol interference
criterion

Institute for Telecommunications Sciences — A line office of the
NTIA which provides engineering support by conduction and
reporting on research and experiments.

International Telecommunications Union — International
standards and regulatory body for communications.

Class A airway as defined by the FAA in 14-1-2(a) of [15].

A queuing system defined with Poissonly distributed arrivals,
Exponentially distributed departures and infinite queues. This
type of queuing system is used to determine the number of
airborne weather radar that interfere with a wireless local area
network link.

Mean Sea Level — height of an object referenced from sea level.

National Telecommunications and Information Administration -
“manages the Federal use of spectrum; performs cutting-edge
telecommunications research and engineering, including
resolving technical telecommunications issues for the Federal
government and private sector; and administers infrastructure and
public telecommunications facilities grants.”[39]

On-Tuned Rejection Factor — Impact of lessened interference due
to interference bandwidths greater than radar receiver
bandwidths.

Probability of Bit Error — The likelihood incorrectly decoding a
bit.

The likelihood that the total effective interference from all
WLAN links in a coverage area, ,,,,, €xceeds maximum
allowable received interference power, ;.

Power Spectral Density — A measurement of the frequency
content of a time limited signal.

Phase Shift Keying — A modulation technique where data is
encoded as phase changes in the transmit waveform.

A-3



Primary Service

Primary User

Pulsed Jammer

Radionavigation

Radiodetermination

Roll-Off Factor

RF

Secondary Service

Secondary User

SNR

SIR

SINR

A service as defined by Part 2.105 of [41] which has been
allocated spectrum according to Part 2.101 of [41].

A device providing a primary service as defined in Part 2.105 of
[41].

An jammer that transmits intermittently in order to generate
higher levels of interference over shorter periods of time when
compared to a constantly active jammer.

“Radiodetermination used for the purposes of navigation,
including obstruction warning.”’[41]

“The determination of the position, velocity and/or other
characteristics of an object, or the obtaining of information
relating to these parameters, by means of the propagation
properties of radio waves.”[41]

A variable that controls the pulse width of a raised cosine pulse.
The roll-off factor ranges from O to 1. Zero corresponds to the
smallest possible bandwidth and one corresponds to the widest
possible bandwidth.

Radio Frequency - A subset of electromagnetic spectrum ranging
from 3kHz-300GHz [28]. Also transmit frequency of radar or
communications devices.

A service as defined by Part 2.105 of [41]. Secondary services
are prohibited from causing harmful interference to primary users
and cannot claim protection from primary users. See Part
2.015(1)(i1)(iii) of [41].

A device providing a secondary service as defined in Part 2.105
of [41].

Signal to Noise Ratio — The ratio between signal power and noise
power either in decibels or as a linear ratio.

Signal to Interference Ratio — The ratio between signal power and
noise power either in decibels or as a linear ratio.

Signal to Noise Plus Interference Ratio — The ratio between signal
power and noise plus interference power in decibels or as a linear
ratio.
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Total Effective
Interference

Victor Airway

WLAN

The total interference received by an AWR directly related to
AWR characteristics (tilt angle, beamwidth, and receiver
bandwidth), aircraft characteristic (altitude of aircraft), and
WLAN characteristics (transmit power, user density, and transmit
frequency).

Class E airway as defined by the FAA in 14-1-2(e) of [15].

Wireless Local Area Network — A data network consisting of
wireless communications devices.
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Appendix B
Link Budgets for Wireless Local Area Networks

Parameter Value Justification
P; = WLAN transmitter power -30.0 dBW Derived from
Link Budget
G; = WLAN transmitter antenna gain 0.0dB Assumption
[52, 53]
G, = WLAN receiver antenna gain 0.0dB Assumption
[52, 53]
L, = Free space path loss at 9.35 GHz -85.9 dB Path Loss
over 50 meter Equation
Lnisc = losses due to building penetration -7.0 dB Assumption
and system losses [35]
P, = Received power at RF filter -122.9dBW  Derived from
Link Budget

Table B-1. Power budget for narrowband WLAN link.

Parameter Value Justification

k = Boltzmann’s constant -228.6 dBW/K/Hz  Physical Value

Ts — 290(101 _1) 34.2 dBK Assumption of
inexpensive
receiver

Ry =1MHz 60 dBHz Assumption
[52, 53]

N = Receiver noise power -134.4 dBW Derived from
Link Budget

Table B-2. Noise Power budget for narrowband WLAN receiver.
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Parameter Value Justification

P, = WLAN transmitter power -30.0 dBW Derived from
Link Budget
Gi = WLAN transmitter antenna gain 0.0dB Assumption
[52, 53]
G = WLAN receiver antenna gain 0.0dB Assumption
[52, 53]
Lo = Free space path loss at 9.35 GHz -85.9 dB Path Loss
over 50 meter Equation
Lmisc = losses due to building penetration -7.0 dB Assumption
and system losses [35]
P, = Received power at RF filter -122.9dBW  Derived from
Link Budget

Table B-3. Power budget for direct sequence spread spectrum WLAN link.

Parameter Value Justification

Kk = Boltzmann’s constant -228.6 dBW/K/Hz  Physical Value

Ts _ 290(101 _1) 34.2 dBK Assumption of
inexpensive
receiver

Bn =1 MHz 60 dBHz Assumption
[52, 53]

N = Receiver noise power -134.4 dBW Derived from
Link Budget

Table B-4. Noise Power budget for direct sequence spread spectrum WLAN receiver.
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Parameter Value Justification
P = WLAN transmitter power -26.0 dBW Derived from
Link Budget
G = WLAN transmitter antenna gain 0.0dB Assumption
[52, 53]
G, = WLAN receiver antenna gain 0.0dB Assumption
[52, 53]
Lo = Free space path loss at 9.35 GHz -85.9 dB Path Loss
over 50 meter Equation
Lmisc = losses due to building penetration -7.0 dB Assumption
and system losses [35]
P, = Received power at RF filter -118.9dBW  Derived from
Link Budget

Table B-5. Power budget for frequency hopping spread spectrum WLAN link.

Parameter Value Justification

K = Boltzmann’s constant -228.6 dBW/K/Hz  Physical Value

Ts _ 290(101 _1) 34.2 dBK Assumption of
inexpensive
receiver

Ry =1MHz 60 dBHz Assumption
[52, 53]

N = Receiver noise power -134.4 dBW Derived from
Link Budget

Table B-6. Noise Power budget for frequency hopping spread spectrum WLAN receiver.

B-3






Appendix C

Typical Airborne Weather Radars Characteristics

Model Peak Power (W)  PRF (pps) Pulse Width (us)  Antenna Gain (dBi)  Vertical Source
Beamwidth
(degrees)
Honeywell RDR4000 Unknown Unknown Unknown 28.5, 31, 33, 34.8 8,5.6,4.2, 3 [43]
Collins WXR-2100 150 9000-180 1-20 34 3.5 [42]
Collins WRX-700x Unknown Unknown Unknown Unknown 3.5 [55]
Airborne Weather Radar 10,000 2000-230 0.19-234 32 4 [16]
Unknown Magnetron 10,000 1600, 800, 200 0.5,2,10 27,31, 33 7.3,4.8,3.6 [21]
Unknown Solid State 125 6000, 1600, 380 0.06, 0.17,0.8 33,35 2.9,3.6 [21]
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Appendix D
United States Frequency Allocations at 9.3GHz-9.5GHz[12]

Frequency | Services Footnote # | Footnote
9300- 5.427 In the bands 2 900-3 100 MHz and 9 300-9 500 MHz, the response from radar
9500 transponders shall not be capable of being confused with the response from radar
beacons (racons) and shall not cause interference to ship or aeronautical radars
in the radionavigation service, having regard, however, to No. 4.9.
5.474 See Above
5.475 The use of the band 9 300-9 500 MHz by the aeronautical radionavigation
service is limited to airborne weather radars and ground-based radars. In
addition, ground-based radar beacons in the aeronautical radionavigation service
are permitted in the band 9 300-9 320 MHz on condition that harmful
interference is not caused to the maritime radionavigation service. In the band 9
300- 9 500 MHz, ground-based radars used for meteorological purposes have
priority over other radiolocation devices.
9300- RADIONAVIGATION | 5.476 In the band 9 300-9 320 MHz in the radionavigation service, the use of
9500 shipborne radars, other than those existing on 1 January 1976, is not permitted
until 1 January 2001.
9300- Radiolocation
9500
9300- 5.427 See Above
9500 5.474 See Above
use67 The use of the band 9300-9500 MHz by the meteorological aids service is

limited to groundbased radars. Radiolocation installations will be coordinated
with the meteorological aids service and, insofar as practicable, will be adjusted
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to meet the requirements of the meteorological aids service.

US71

In the band 9300-9320 MHz, low-powered maritime radionavigation stations
shall be protected from harmful interference caused by the operation of land-
based equipment.

9300-
9500

RADIONAVIGATION

5.476

See Above

US66

The use of the band 9300-9500 MHz by the aeronautical radionavigation service
is limited to airborne radars and associated airborne beacons. In addition,
ground-based radar beacons in the aeronautical radionavigation service are
permitted in the band 9300-9320 MHz on the condition that harmful interference
is not caused to the maritime radionavigation service.

9300-
9500

Radiolocation

US51

In the band 9300-9500 MHz, the radiolocation service may be authorized for
non-Federal use on the condition that harmful interference is not caused to the
Federal radiolocation service.

G56

Federal radiolocation in the bands 1215-1300, 2900-3100, 5350-5650 and 9300-
9500 MHz is primarily for the military services; however, limited secondary use
is permitted by other Federal agencies in support of experimentation and

research programs. In addition, limited secondary use is permitted for survey
operations in the band 2900-3100 MHz.

9300-
9500

Meteorological Aids
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