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1 Executive Summary

When spectrum was originaly alocated for air-to-ground communications services', the system
architecture was desgned to support multiple users on multiple networks usng a dynamic,
demand access scheme. Designed as a narrowband voice-centric FDMA network, the Air-To-
Ground (ATG) technology evolved from one usng andog modulation to one having a digitd
format today. Degpite its evolution from andog to digitd, the ATG technology retained legecy
narrowband access protocols with a limited channel capacity of just a few kilobits per second.
Thus, the current ATG spectrum utilization is nether efficient nor modern in its conveyance of
information, whether voice or data It uses expensve, proprigtary technology that never
achieved commercia economy of scde or optimum spectral efficiency.  With the retirement of
dl but one remaning network operator, this legacy narrowband and low data rate architecture
fals to best serve the public—a public that is becoming accustomed to high speed connectivity

anywhere, anytime.

In contrast, the advent of high-gpeed cdlular technology yidding data retes in the hundreds and
thousands of kilobits per second (up to 2.4 Mbps) offers a driking advantage over legacy ATG
wirdess technology capability and spectrd efficiency. AirCdl has developed and andyzed a
novel approach for re-faming the ATG spectrum.  This innovative architectura gpproach
integrates state-of-the-art technologies such as CDMAZ2000 (IXEvDO) within the ATG 2MHz
gpectra dlocation. It provides enhanced spectrd utilization and dramaticaly increases public
benefit.  The spectrd migration concept described herein enables spectrd efficiency to soar 16-
fold over the current paradigm and offers true broadband telecommunication connectivity to and
from arborne aircraft.

This technicd research paper criticaly evauates the deployment of 1.25MHz CDMA waveforms
in the ATG 2MHz bands. Through the use of sophisticated Matlab™ computer smulations, RF
sysems modding is integrated with Stuaiond arcraft flight profiles to “measure’ the likelihood
of «df-, crosss and inter-network interference potentids.  Through this gpproach, key input
variables are modified to evauate specific scenarios such as operation near an arport or while in
cross-country flight. More specificaly, CDMA2000's data architecture, 1IXEvDO, is examined
in detail to assess ATG band spectra efficiency and operationd compatibility.

Key technical and operationd objectives of the ATG spectrd migration include:

Cregting an evolutionary pah for the incumbent operator to trangtion from the
present narrowband paradigm to broadband CDMA,

Endbling the operation of two concurrent CDMA network service providers
(duopaly) during the evolutionary (trangtiond) period as wdl as when CDMA is
exclusively deployed by both operators (mature project phase),

Ensuring compadibility of ATG sygdems with adjacent cdlular B' and SMR
operations, and

Enhancing spectrd efficiency and overdl public benefit.

! The air to ground services are operating in Air to Ground (ATG) band. This band has 4 MHz of
gpectrum, with 2 MHz for each direction in a full-duplex communication mode.
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1.1 Concept Description

Through innovative migration of the ATG gpectrum, subdtantive spectrd efficiency is redized.
As shown in Figure ESl, two 125 MHz wide CDMA cariers co-exig within the 2 MHz
composite ATG bandwidth. Of particular note, observe that the air-to-ground and ground-to-air
alocations are swapped between the two respective networks, System 1 and System 2. Despite
the dlocation's overlgp of 500 KHz, the corresponding cross-interference potentia is virtualy
negligible a nomind network loading (50% of the pole point). This is true even when both
Sysem’'s 1 and 2 are co-polarized (eg. both ae veticaly polarized). If the sysems are
orthogondlly polarized?, an additiona 12-15 dB of isolation is redized; and in this case, cross-
interference is for al practica purposes nonexisent. However, the results presented in this
report demondtrate that orthogona polarization between System 1 and System 2, is not required
for this concept to be viable.

1.25 MHz 1.25 MHz
»i ) - 4 ) .
System 1 System 1
System 2 System 2
€—Pp «—>
1.25 MHz 1.25 MHz
2 MHz 2 MHz
< > < >
849 MHz 851 MHz 894 MHz 896 MHz

|:| Air to ground
I:I Ground to air

Figure ES1. CDMA spectrum plan for redllocated ATG band

Because the spectrum dlocations for two communication links are swapped, the only two cross-
interference paths are: arcraft-to-arcraft and base-to-base. No other interference paths are
possble. Figure ES2 shows possible cross interference paths, the aircraft-to-arcraft interference
path is andyzed in detail in this report.

2 For example, one network is verticaly polaized and the other network is horizontaly
polarized.
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Figure ES2. Possble crossinterference paths

Base-to-base cross interference between Sysem 1 and System 2 is essentidly zero.  This
interference is controlled by spacing the two network’s respective base dations, System 1 and
Sysem 2, more than 5-10 miles apart (terran and antenna height dependent) and by usng up-
tilted base antenna patterns® (which are also required to manage own-network multipath).

Aircraft-to-aircraft  cross-interference is  limited due to ther physicad separaion. FAA
regulaions define minimum dtitude and horizontd separation distances (see report for details).
This physica separation between the arcraft of Sysem 1 and Sysem 2 crestes substantia
isolation. Even a airports, where the spacing between aircraft is reduced, the trangtory effects
of cross-interference are not materia to network operations. When a CDMA network
experiences interference, it self-manages the trangtory interference event by modifying the link's
data rate, modulation type, and/or coding rate to ensure that the communication link remans
active, dbeit a a lower throughput data rate. In short, when cross interference does occur, the
CDMA sysem naturdly experiences “graceful degradation” by reducing the daa rae
temporarily while retaning a high qudity link. At no time does ether System 1 or System 2
experience an outage or sustained harmful interference as a result of cross-interference from
arcraft to aircraft.

3 Through previous studies and reports to the FCC, AirCedl has shown tha the Cedlular
Geographic Service Areas (CGSA) of base dations with up-tilted antenna patterns are very
gmdl.
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Not only is this arcreft-to-aircraft cross system interference managesble by the CDMA network,
but more important, its impact is virtudly negligible to operation of either System 1 or Sysem 2.
The results presented in this report demondrate that the aggregate effect of the cross-system
interference on overdl data throughput and system capacity isinggnificant.

1.2 Modeling Results

Aircraft-to-aircraft trandgtory cross interference only affects the forward path data rate; the
forward path is from the base dation to the arcraft. The reverse path, arcraft-to-base, is not
impaired for either network- System 1 or System 2. As previoudy discussed, when a trangtory
cross-interference event occurs, it is managed automaticaly by the affected network. As soon as
the affected network determines the transitory cross-interference event is over®, the forward path
datarate increases to its nomind vaue.

With this understanding, the modeled results show a “before and after” comparison of overal
throughput data rates— “before’” being a cross-interference free scenario; “after” being a
scenario that has trangtory aircraft-to-aircraft cross interference,

The two scenarios moddled are:

The Airport scenario
The Craoss country scenario

The Airport scenario model assumes that the aircraft from both networks (1 and 2) are infaround
a locdized region. The arcraft are flown at various dtitudes, velocities and directions condstent
with an arport location. Smilaly, the Cross country scenario Smulates arcraft flying between
arport dedinations, typicadly a relatively congant dtitudes and horizontad separation as
specified by FAA regulations.

For each of these scenarios, two specific cases need to be considered:

Phase 1. 100% CDMA Carier spectrum overlap (this is during the evolutionary
period when narowband ATG operation co-exists with broadband CDMA
operation)

Phase 22 40% CDMA Carier spectrum overlgp (this is when the narrowband
ATG operation is terminated and only CDMA operation is present).

As shown in Figure ES3, Phase 1, expected to be 12 months or less, is where narrowband FDMA
ATG co-exigts with broadband CDMA access.  This is the trangtiond period which dlows the
incumbent ATG operator a graceful migration to pure CDMA operation. After the phase-out of
narrowband ATG, Phase 2 has only CDMA operating for both Sysem 1 and 2. Phase 2 has
greater spectra system capacity relative to Phase 1 since cross-interference is reduced.

* Through sdlf-determined methods inherent in the exising CDMA networks operation; the
network continuoudy monitors forward link Signal to Interference and Noise Ratio (SINR) and
adaptively adjuds data rates to maintain a high quality link.
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Figure ES3. Spectrd migration plan

Thus, four specific models have been amulated in Matlab™ and the summary of the results from
each is presented here. The data for the migration or trandtion period where the CDMA
waveforms of Sysem’'s 1 and 2 are overlapped 100% is shown in Tables ES 1 and ES2. Table
ESL (&) and (b) show the results for the Airport scenario while Tables ES2 (@) and (b) are derived
for the Cross-country scenario.

Table ES1 (a). Probability of experiencing SINR degradation larger than 1dB - Airport scenario

with 100% spectrum overlap
Loading [%] System 1 [%] System 2 [%o] Average [%]
25 0 0 0
50 1.0 1.0 1.0
75 6.1 6.2 6.15
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Table ES1 (b). Absolute and relative forward link throughput reduction — Airport scenario with

100% spectrum overlap
Loading [%0] Absolute throughput Retive throughput
reduction [kb/sec] reduction [%o]
25 0.2 0.02
50 9.15 1.09
75 42.84 5.18

Table ES2 (a). Probability of experiencing SINR degradation larger than 1dB - Cross country
scenario with 100% spectrum overlap

Loading [%0] System 1 [%] System 2 [%0] Average [%0]
25 0 0 0
50 0.02 0.02 0.02
75 0.7 0.45 0.58

Table ES2 (b). Absolute and relative forward link throughput reduction - Cross country
scenario with 100% spectrum overlap

Loading [%0] Absolute throughput Reative throughput
reduction [kb/sec] reduction [%0]
25 2.03 0.19
50 6.25 0.55
75 19.84 1.78

The specific case, Airport scenario with 100% spectrum overlap, is the word-case scenario
possble. The arcraft are at their closest operating distance with respect to each other (System 1
arcraft to System 2 arcraft) and there is no spectrd isolation (since the overlgp is 100%).
However, even for this trangtiond case, @ a nomind CDMA network loading of 50% of the
pole point, the reative reduction in forward path throughput is only 1.09% reldive to its average
value when the cross-system interference is not present. This B clearly not an issue and certainly
does not even approach the definition of “Harmful Interference’.

The reaults, and conclusons, only get better from this wordt-case scenario.  The results for the
Cross country scenario with 100% overlap are shown in Tables ES2 (a) and (b). Notice that for a
typicd loading scenario of 50%, the rdative reduction of forward path throughput dropped from
1.09% to 0.55%. This decrease can be explained by increased arcraft spacing in the cross-
country scenario and corresponding decrease in probability of their close encounter.

In the second phase of deployment, the narrowband ATG system is retired and both networks
trangtion to CDMA operation with 40% mutua spectrum overlgp.  The results of smulations for
the second phase of deployment and two typical operaing scenarios are provided in Tables ES3
and EA.
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Tables ES3 (8 and (b) summarize the results obtained for the arport scenario.

The overlap

reduction from 100% to 40% caused the relative forward path data reduction to decrease from

1.09% to 0.2% - neither number being problematic. The improvement in the data rae is the
result of reduced cross system interference.

Table ES3 (a). Probability of experiencing SINR degradation larger than 1dB - Airport scenario

with 40% spectrum overlap
Loading [%0] System 1 [%] System 2 [%] Average [%0]
25 0 0 0
50 0.2 0.2 0.2
75 1.3 1.28 1.29
Table ES3 (b). Absolute and rdlative forward link throughput reduction — Airport scenario with
40% spectrum overlap
Loading [%0] Absolute throughput Relative throughput
reduction [kb/sec] reduction [%0]

25 0.13 0.02

50 3.96 0.48

75 17.31 2.01

Findly, Tables ESA (@ and (b) provide summary of the results obtained for cross-country

scenario and 40% spectrum overlap.

In a typical scenario when the system loading is about 50%,

the reduction of the forward link data rate dropped from 0.55 to only 0.21%. This improvement
in the forward link throughput can be explained by smdler cross system interference.

Table E4 (a). Probability of experiencing SINR degradation larger than 1dB - Cross country

scenario with 40% spectrum overlap

Loading [%0] System 1 [%] System 2 [%] Average [%0]
25 0 0 0
50 0 0 0
75 0.2 0.15 0.18

Table EA (b). Absolute and relative forward link throughput reduction - Cross country

scenario with 40% spectrum overlap

Loading [%0] Absolute throughput Reative throughput
reduction [kb/sec] reduction [%0]
25 0.67 0.06
50 2.3 0.21
75 9.44 0.87

Prepared by AirCell
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1.3 Conclusions

Sgnificant improvement in operationd and spectra efficieny result from the concepts proposed
herein.  The cross sysem interference effects are negligible for dl consdered scenarios, both
trangtiond and full operation. Subgtantive public benefit is redized from redlocatiing the ATG

gpectrum. Therefore, the FCC should adopt the spectral migration proposed herein.
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2 Introduction

This report presents a study evduating the reuse posshbility for the spectrum dlocated to the Air
To Ground (ATG) servicee The study was performed usng extensve computer Smulations of
two cdlular-like sysems operating in the ATG frequency band. The principa god of the study
is to examine the likdihood of a harmful interference between the systems, the impact of such
interference on the spectral capacity, as well as to outline some methods that can be used for the
interference mitigation.

2.1 Review of Proposed ATG Spectrum Migration

The ATG is dlocated a pair of frequency bands in the VHF portion of the radio spectrum. The
two bands are occupying frequencies from 849 to 851 MHz, and from 894 to 896 MHz. Each
band is 2MHz wide and supports one communication link of a sysem utilizing frequency
divison duplexing. This means that one of the bands is used for communication from ground to
air, while the other one is used in the opposite direction.

Two proposds for migration of the ATG spectrum are conddered in this sudy. The firg
proposal is less aggressve and it is envisoned as a solution that can be used in high capacity
scenarios.  The second proposal is nore aggressive and it is well suited for Stuations of lower
Spectrum loading.

The firgd proposd for the frequency reuse of the ATG spectrum analyzed in this sudy is
presented in Fig. 1. As seen, the par of spectrum bands is hosting two CDMA systems. The
systems are based on 1IXEvDO technology and each has a channdl bandwidth of 1.25MHz.

1.25 MHz 1.25 MHz
4 »
System 1 System 1
System 2 System 2
< > < >»
1.25 MHz 1.25 MHz
2 MHz 2 MHz
< > < >
849 MHz 851 MHz 894 MHz 896 MHz

|:| Air to ground
I:I Ground to air

Figure 1. Thefirg proposa for ATG spectrum migration
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Therefore, there is a 500 kHz spectrum overlap between the two CDMA carriers.  To reduce the
interference between the systems, the dlocations of the ATG bands are swapped. In particular,
for ground to air communication, one of the sysems uses the lower ATG band while the other
system uses the higher one. For the air to ground communication, the bands are dlocated in a
reverse manner.  With swapped dlocation of the ATG bands, the interference potencia results
from 0.5 MHz of spectrum overlap, and it occurs on paths between arcraft or between base
dations.  As illustarted in Fig. 2, the ar to ground communication for arcraft A1 occurs in the
frequency band from 849-851 MHz and it may potencidly intefere with the ground to ar
communication for arcraft A2.  Smilaly, the ar to ground communication for arcraft A2 may
present an interference source for the ground to ar communication of arcraft Al The
interference potencia exists between two base dations as well. However, this interference is
eadly managed through proper base dation separation and appropriately chosen base station
antenna patterns.  Therefore, with the spectrum alocation as indicated in Fig. 2, the dominant
type of interference is the one occuring on the path from aircraft to arcraft. For that reason, this
type of interference is the main focus of this study.

plane to plane
interference

% / Aircraft A2

Aircraft A1

Al reverse link A2 forwqrd Ii'nk
communication communication
849-851MHz 849-851MHz

A1l forward link A2 reverse link
communication communication
894-896MHz 894-896MHz
=7

—

™

base to base

BS1: Serving base interference
station for Al

BS2: Serving base
station for A2

Figure 2. lllugration of potentid interference in the ATG frequency reuse

The second proposa for migration of the ATG spectrum is presented in Fig. 3. In this case, the
channels of the two CDMA cariers are overlgpping over their entire bandwidth. As a result of
the one hundred percent overlap, CDMA carriers do not occupy the entire ATG band. The non+
occupied portion of spectrum can be used for support of existing narrowband technology. In the
second scenario, the interference potentiad between the two CDMA carriers is higher than in the
cae of the first scenario. For that reason, the second scenario is envisoned as a solution for

initid deployment when the CDMA tréffic cagpacity served by the two sysems is rdaivey
amdl.

Prepared by AirCel 13



1.25 MHz 1.25 MHz
—
() g System 1 g System 1
9 m |& y m | & Y
o ) System 2 ) System 2
«—> <> — >

N T N T

= = =

© ! © et

© o o o

Air to ground

Ground to air

Figure 3. The second proposa for ATG spectrum migration

2.2 Public Benefits from ATG Spectrum Migration

The present ATG architecture, comprised of FDMA separated 6KHz carriers, is woefully
outdated in terms of its ability to deiver modern telecommunication services to arcraft while in
flight. Comparing the exising ATG architecture capacity and data rates to the architectures
proposed by AirCdl (usng 1.25 MHz CDMA carriers), the comparative advantages are nothing
ghort of dunning. The migration of the ATG spectrum enables compeling services to: arline
passengers, arline operators and TSA security officids.  Additiondly, the proposed CDMA
architecture offers a duopoly sructure ensuring competition that will drive innovative product
and service offerings as well as economic advantages to subscribers.

Fird, the migration of the ATG gpectrum redizes dramdic enhancement to ATG spectrd
efficiency. For example, a agiven airport regon:

Using the existing ATG 6 KHz architecture- only 29 voice channels can be supported.

Usng the Redlocated ATG 1.25 MHz CDMA architecture- at 50% pole point loading,
240 voice channels per network or 480 voice channels total (both System 1 and System 2
networks combined).

This redizes a spectrd efficiency improvement of 16 times.

Average per plane data rates from a sysem perspective soar from merely tens of kilobits per
second in aggregate to megabits per second. These broadband wirdess air-to-ground pipes
enable tedlecommunication services never before thought possble:

High speed internet access (cabin, cockpit)

High volume voice telephony (cabin, cockpit)

Live multimedia services for passengers (live radio broadcasts)
Live weather maps to the cockpit

Prepared by AirCell 14



Airline operations deta traffic

Airline safety datatraffic

Airline preventive maintenance such as redl-time engine monitoring
Redl-time “black box” data links to the ground

TSA security communications

Live, red time voice/data links for ar marshds

The need for these types of telecommunication services seem admost obvious, and yet, today’s
ar-to-ground tdecommunication sysems fdl dramdticdly short. The migration of the ATG
gpectrum is the “enabler” that crestes the setting which makes the above and much more

possible.

2.3 Outline of the Report

As dready mentioned, the man purpose of this report is to evauate the cross systems
interference resulting from the migration of the ATG spectrum in one of the ways presented in
Figs 2 and 3. To accomplish the task, AirCdl has developed a red time dynamic smulator of
the IXEvDO system operating in accordance with the proposed ATG spectrum plans. A detalled
decription of the smulator and smulation parameters used for different scenarios consdered in
this study is presented in Section 3. Theoreticd andyses of two mgor aspects of system
performance are presented in Sections 4 and 5. Section 4 estimates the capacity of an IXEvDO
system under assumptions of this study, while Section 5 performs the andyss of the worst case
cross system interference scenario.  The derivations in Sections 4 and 5 are anayticd and they
are used manly to edablish the boundaries of the sysems theoreticd performance. The results
presented in these two sections help determine some of the parameters used in the Monte Carlo
amulaions described in later sections. Simulation results are presented a length in Section 6.
Concluding sections 7 and 8 outline the migration plan for the incumbent provider and discuss
the interference potentiad between systems operated by CDMA ATG providers and adjacent
cdlular and SMIR. The results of the study are summarized in Section 9.
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3 Description of the Simulator

Due to the rdative complexity of the proposed ATG spectrum reuse scenaio, any andyticad
gpproach to the cross system interference andysis would have had to incorporate a set of
ggnificant amplifying assumptions.  To avoid an introduction of such assumptions, the sudy
presented in this report adopts the approach of analysis by simulation. In this gpproach, the
operation of the sysem is dmulated under various operating conditions. During the smulations,
numerous parameters that indicate important aspects of the system’s performance are recorded.
After the smulations are completed, the recorded performance indicators are presented in a
meaningful datistical fashion. This type of gpproach is usudly referred to as the Monte Carlo
(MC) andyss agpproach, and it is frequently utilized in the performance evaduaion of complex
communication systems.

For the MC smulations presented in this report, AirCdl has developed a cusom IxEvDO
smulator. The smulator is devdoped using the Matlab™ smulaion plaform. The smulations
ae paformed in a dynamic manner, which dlows a time domain tracking of the sysems
performance. A more detailed description of the smulator is provided below.

3.1 1xEvDO Simulator

During smulaions, the IXEvDO smulator used to andyze the reuse of the ATG frequency band
performs the following five steps.

Initid didribution of the aircraft postions and assgnment of their velocities

Cdculation of the RF propagation path losses

Evduation of the sysems performance indicators assuming no cross system interference
Re-evduation of the performance indicators while teking the cross interference into
account

5. Update of the aircraft postions

ApODNPRE

The above geps are paformed in an iterative manner for a secified duraion of the smulation
time.

More detailed explanations for each of the steps are provided as follows.

Step 1. In the firg gep, the smulator randomly didributes the aircraft within the market area.
The market is assumed as circular with the cdl site placement as indicated by dars in Fig. 4.

The dtitudes of the arcraft are sdected in a random fashion within an interva from Z ,, to
Z . . Each arcraft is assgned a veocity vector. The magnitude of each velocity vector is

between v, and v, , while its direction is chosen in a random fashion. One example of a
typicd initid scenario is presented in Fg. 4. Locations of the arcraft for the two sysems are

presented as either red or blue dots.
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Figure4. Exampleof aninitid scenario; CDMA system 1 — red; CDMA system 2 — blue;

Step 2. For caculation of propagation path losses between a base station and an aircraft, the
gmulator uses aformula given by

PL=PL., +CL- AG(q f) 1)
where
PL - path loss expressed in dB
PL s - free space path loss expressed in dB
CL - losses associated with the RF cabling expressed in dB

AG(CI f ) - antenna gain of the base station expressed in dB

In (1), the free space path loss is cal culated in accordance with [1]

PL. = 36.5+20log(f )+ 20log(d) @)
where
f - operating frequency expressed in MHz
d - distance between the base station and the aircraft expressed in miles

As indicated in (1), the antenna gain is taken into account as a function of the arcraft's azimuth
and devation reative to the base dation antenna  The smulator reads horizontal and vertica
patterns of the antenna and determines the gain of the base antenna as a function of the aircraft
podtion. To smplify the amulations, the arcraft antenna is assumed as omni-directiond in both
planes. Additionaly, the effects of the arcraft body are neglected. This leads to somewhat
conservative predictions (i.e. there is more interference), snce there is no arcraft antenna
sectivity. For example, there is no blockage looking straight up.

For cdculations of the path loss between a pair of arcraft, the smulator uses free space formula
given in (2). Agan, the effects of the antenna pattern as well as the body of the arcraft are
neglected. Asdiscussed, thisleads to somewhat conservative interference predictions.
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Step 3. The Key Performance Indicator (KPI) used to evauate the impact d the cross system
interference is the forward link (i.e. base dation to arcraft) pilot quality. Within the IXEvDO
system, each mobile measures the forward link pilot quality. The qudity of the pilot is expressed

through a quantity cdled Signd to Interference and Noise Ratio (SINR). Formadly, the SINR
measurement is defined as [2]

SINR = S 3
|1+|2+'“+|N+NO

where Sis the power of the pilot of the serving base gtation, I, k =1,2,---,N are powers of the
interfering pilotsand N, isthe power of the therma noise.

One should notice that there is a difference between SINR in (3) and Ec/lo pilot qudity
measurements used in other 1S-95 based CDMA systems. In Ec/lo caculations, the pilot power
of the sarving gSte is a pat of the denominator as wel [3]. For that reason, Ec/lo, when
expressed in dBs, is dways negative.  On the other hand, the SINR ratio given in (3) can take
both postive and negative vaues.

On the bass of the SINR measurement reports, base dations perform management of the
forward link data rates. More specifically, depending on the reported SINR measurements, a
base dation determines its forward link data rate. One typica mapping between the forward link
pilot SINR and the corresponding dataratesis givenin Table 1 [2].

Tablel1l. SINR for 1% packet error rate

Datarate [kb/sec] SINR [dB]
38.4 -12.5
76.8 -9.5

102.6 -8.5
153.6 -6.5
204.8 -5.7
307.2 -4.0
614.4 -1.0
921.6 1.3
1228.8 3.0
1843.2 7.2
2457.6 9.5

For dl cdculaions peformed in the third sep, the cross system interference is not taken into
account. Therefore, each system is operating as if it were on its own. The results obtained this
way are treated as a baseline performance.

Step 4. In this gep, the SINR computations are performed while teking the cross system
interference into account. As dready mentioned in the previous section, the dominant cross
sysem inteference is coming from the reverse link (airplane to bass), of one system to the
forward link (base to arcraft), of the other. As a result of such interference, the SINR is
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degraded and this ultimately causes degradation in the forward link transmisson rate.  To
cdculae the interference, the smulator determines the reverse link transmisson power. This is
done in an iterdtive manner. The power of each arcraft is increased s0 that the sgnd at the
serving base gtation meets a desired Eb/Nt threshold. The data rate on the reverse link is chosen
as a function of the number of active mobiles within the arcraft. This is best illudrated through
admple example.

Example 1L Consider an aircraft with ten phone conversations. Assuming that each conversation uses
9.6kb/sec vocoder and that the voice activity is 0.5, the average aggregate data rate for the aircraft is

R

sogregate = -6 0.57 10 = 48 kb/sec 4
However, when calculating the average data rate, several factors need to be taken into account. First, the
aggregate rate as calculated in (4), isjust amean value. In any given time instant, the actual datarateisa
random variable varying between 0 and 96kb/sec. Secondly, 1XEvDO supports only a discrete set of data
rates [2]. Throughout the smulations, the aggregate data rate is rounded up to the closest 1XEvDO
available rate.

For the results presented in this study, it is assumed that the dominant treffic type is voice
However, through manipulation of the activity factor and didribution of indantaneous traffic,
other types of communication services can be smulated as well.

Once the necessary power for the reverse link transmisson is determined, the SINR can be
recaculated. The difference between the SINR caculated in this step, and the one caculated in
Step 3, isused asamgor indicator of the cross system interference.

Step 5. Inthisfina step, the posgitions of the aircraft are recal culated in accordance with

r(k+1)=r(k)+v>Dt (5)
where

r(k +1) - vector of the new aircraft position

r(k) - vector of the current aircraft position

Y - arcraft velocity vector

Dt - time increment

During the amulation, an arcraft may leave the market area.  If this happens, a new arcraft will
appear at a random pogtion on the market circle with a veocity vector pointing in a random
direction towards the circle€s inner sde.  This way, the total number of arcraft within market
areais kept congtant during the entire smulation.

3.2 Description of the Simulation Test Bed

The test bed used for smulations in this report is presented in Fig. 5. As seen, there are two
sysems, each having four base dations. The market of interest is assumed as circular with the
cdl dtes of the two systems placed as indicated in Fig. 5. The arcraft are flown in a random
fashion over the market area.  The generd parameters of the smulator are provided in Table 2.
These parameters are kept the same for dl smulaions. Additiona parameters that were adjusted
to Smulae particular scenarios are documented in gppropriate sections.
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Figure 5. Topology of the test bed scenario

Table 2. Parameters of the amulator

Parameter Vaue Unit Description
SIM_TIME 7200 Seconds Duration of the smulation time
TIME_STEP 1 Seconds Increment of the smulation time
f 870 MHz Average operating frequency
NumCallsAC 10 - Average number of voice cals per aircraft of the
first system
NumCallsAF 10 - Average number of voice calls per aircraft of the
second system
W 1.2288e6 - Chip rate for IXEvDO system
Zmin 1000°, 18000° feet Minimum aircraft atitude
Zmax 40000 feet Maximum aircraft dtitude
Vmin 3807, 180" knots Minimum velocity of the aircraft
V max 4507, 250" knots Maximum velocity of the aircraft
MinVerSep 1500 feet Minimum vertical separation between aircraft
MinHorSep 5 miles Minimum horizontal separation between aircraft
VAF 0.5 - Average voice activity
FL IF Scding| 0.5/1.25°, 1" - Scding of the interference due to partid overlap
BS.PA_power 20 wW Base station transmit power
BS.NF 4 dB Base station noise figure
BS.DL_CL 3 dB Forward link cable losses
BS.UL CL 3 dB Reverse link cable losses
MS.PA_power 23 dBm Mobile station transmit power
MS.NF 8 daB Noise figure of the mobile
MS.EbNt 4 dB Required Eb/Nt for the reverse link
R 12,5, 100° miles Cdl steradius, cf. Fig. 5

! _airport scenario; - cross-country scenario
3 _ 40% spectrum overlap; * — 100% spectrum overlap
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The flight rules governing arcraft separation in flignt are covered in pat in the Aeronautica
Information Manua published by the U.S. Depatment of Transportation (From Title 14 of the
Code d Federd Regulations) Paragraph 4-4-10 IFR Separation Standards and Paragraph 53-7
Holding contain specific_quideines.  Also, the Federd Air Regulations FAR Pat 91.179 IFR
cruisng dtitude or flight level adso describe vertical separation.

Snce dmogt dl commercid arcraft and generd avidion jet arcraft operate under IFR Hight
rules, these dandard are suitable guides for the Air to Ground communication System
amulations. Verticad separations range from 1,000 feet in crossng arcraft to 4,000 feet in
arcraft above 29,000 feet heading in the same basc direction. AirCell chose 1500 feet for an
average separation for the purposes of the smulations. Horizonta separetion is 3 to 5 miles
minimum with 5 miles or greater the typicd separation. AirCdl chose 5 miles for the purposes of
the smulation.

For the smulations presented in this dudy, AirCdl has identified two typicd operation
scenarios.  The firgt scenario is referred to as the Cross-country scenario and it is based on
typicd sysems operation in the areas dong the cross-country arplane flight corridors.  This
scenaio is characterized by following system parameters:

Omni directiond cdl Ste configurations

Low traffic requirements (2-3 arcraft within the cdll Ste coverage area)
Large cdl Steradii (set to 100 miles)

High atitudes of serviced planes (from 18,000 to 40,000 feet)

Large arcraft velocities (from 380 to 450 knots)

The second scenario is referred to as the Airport scenario. This scenario models the systems
operation around metropolitan areas and large arports. This scenario is characterized by a
following set of properties:

Sectorized cdl ste configurations (three sector configurations are assumed)

High traffic requirements (2-3 aircraft within a sector coverage area.  This yields up to
9 arcraft within the cdll dte coverage areq)

Smdl cdl steradii (st to 12.5 miles)

Lower dtitudes of serviced planes (from 1000 to 40,000 feet)

Lower arcraft velocities (from 180 to 250 knots)

As seen, the two scenarios are quite different from the dandpoint of typica cdl dte
configurations, arplane veocities, dtitudes and the amount of traffic per unit area. For tha
reason, the results of smulations for both scenarios are included in the report. In practice, there
may be some configurations that are neither cross-country, nor airport like. However, these
configurations can be seen as being in-between and their performance is bounded by the results
obtained for airport and cross-country scenarios.
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4 Pole Point Capacity of the 1XEvDO Voice System

From the standpoint of 1XEvDO networks in this sudy, each arcraft represents a angle mobile.
The voice traffic generated within each aircraft is aggregated and sent towards the base dation
through a common data pipe. Likewise, the traffic aggregation on the forward link is performed
in a dmilar fashion. On the reverse link, the Sgnad coming from a single arcraft needs to meet a
desired Eb/Nt threshold given by

.. P
azb 9 — ij (6)
* — 7o
gﬁtﬂj A F?><1+Iadj)+ NO
it
where
g%? - E/Nt threshold for the Sgna coming from the jth aircraft
t G
P, - power of the sgnd received from the jth aircraft
P - power received from theith arcraft within the same cell
W - chip rate (W =1.2288x10° chips/sec)
R, - datarate of the jth mobile
N, - power of the therma noise
| g - raio of the out of cel to the in-cel interference (measure of sdif-
interference)

To gamplify the andyds it is assumed tha dl of the arcraft serve the same number of voice
users. As a result, their average aggregate data rates are the same as well. Furthermore, due to a
tight IXEvDO reverse link power control scheme, the received powers of the arcraft a the base
dtation recelver are approximately the same and the expression in (6) smplifiesas

) pW
&Eb 0 Rbi

()

EN 5 (N-DPE+1,,)+ N,

When the base dation is operaing in the vicinity of its theoretical capacity, the thermd noise

term can be neglected relative to other powers in the denominator of (7). Therefore, (7) can be
rewritten as

w
ok, 0 _ R,

gN_tBJ _(N_l) +Iadj) (8)

which gives
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W/R,
(Eu/NJL+1,)

N =1+ 9

The expresson in (9) is commonly referred to as the Pole Point of the IXEvDO sysem. The
pole point is the theoreticd maximum capacity of a CDMA sysem. The use of (9) can be
illudrated by the fallowing smple example.

Example 2 Assume that each aircraft in the system serves an average of ten voice users. Other
parameters in (9) assume the following numerica vaues:

Voiceactivity a , =0.5

Vocoder datarate R, =9.6kb/sec

Eb/Nt requirement of 4dB ® 2.5
| = 1.0°

First, the average data rate for each aircraft is given by

R

aggregate

=10" a; " R, =10" 0.5" 9.6 = 48kb/sec (10)

The data rate given in (10) is not supported by the IXEvDO reverse link. The closest data rate is 76kb/sec
and for that reason, R, .. ISrounded up to 76kb/sec. Substituting numerical valuesin (9), one obtains

1.2288x10° /76 10°
+

N =1
2.5(1+1)

= 4.23 (11)

Therefore, each cdl dte can support a theoreticd maximum of gpproximately four arcraft. In
common engineering practice, CDMA systems are designed to operate at a certain fraction of the
pole point capacity. Most commonly, the systems are dimensioned to support traffic between
50% and 75% of the pole point. For the above example this yields two to three arcraft per base
dation.

There are severa remarks that need to accompany derivations presented in this section. They are
given asfollows

Remark 1. The derivations are performed under the assumption of voice traffic.  The voice
treffic is symmetric, i.e, the activities of the forward and reverse link are gpproximately the
same. Mog of the data services are asymmetric in nature and with activities sgnificantly smaler
than voice activity. For a mixture of traffic types, the capacity andyss presented above may not
be completely applicable.

Remark 2 From (9), it is seen that the vdue of I, plays an important part in the evauation of
the system's capacity. |, depends on many factors including distribution of the arcraft,
antenna patterns, and the layout of cell stes. In red systems, the vaue of the |, is different for

J

> Thevaueof | a; = 1.0 isobtained as one of the simulation outputs.
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each cell ste. Furthermore, as the positions of the arcraft change, the vaue of the |, changes
as well. Due to dl of these factors, the pole point equation in (9) should be treated as only a
rough estimate of the system’s capacity. In practicd scenarios, it is possible that agiven cdl can
support more than four aircraft, or vice versa, the cell can reach the pole point when the number

of arcraft is smaler than four. Dependence of the pole point on the vdue of 1, is presented in
Fig. 6.
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Z """""""" e e e e e, e T Ty e T ': """"""" = e e T =1

0 | | | |
0 0.5 1 15 2 25

ladj

Figure 6. Dependence on the pole point capecity on |, - Equetion (9)

Remark 3. The derivations presented in this section assume that the capecity of the sysem is
limited by the reverse link. This is cetanly true in the case of voice traffic.  However, for
asymmetric data types, the cepacity of the sysem may be limited by the highest data rate
supported on the forward link.
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5 Analysis of the Worst-Case Interference Scenario

The scenario resulting in the wordt case cross system interference is presented in Fig. 7. Two
arcraft in Fig. 6 ae saved by two different IXEVvDO systems with frequency dlocations as
described in Section 2.1. They are located in the area close to the edge of the system and are
flying within clase proximity of each other.

From the cross-system interference standpoint, the scenario presented in Fig. 7 represents the
wor st-case for the following reasons.

1. The served arcraft (Al) is located far away from its serving base dation. Therefore, the
sarving sgnd is a the minimum leve.

2. The interfering arcraft (A2) is a the maximum digance from its base dation as wdl. To
complete the reverse link, the interfering arcraft needs to transmit a a redively high

power leve.
3. The two arcraft ae a the minimum separation alowed by FCC regulations, and
therefore, the path loss between them is at its minimum.

Accordingly, the leve of cross sysem interferenceis a its maximum.

Al: Served aircraft Interference

M / A2: Interfering aircraft

Forward link
communication

e Reverse link
=z .\ communication

BS1: Serving base

station for Al
BS2: Serving base

station for A2

Figure 7. llludration of the wordt-case interference

5.1 Maximum Path Loss

The maximum path loss for the sysem topology presented in Fig. 8 can be derived using the
smple cosine theorem. Given tha the radid sze of the market is D, and with the aid of Fig. 8,

one may write
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D2 202 cosfa)

Dz, =D?+¢—+ - 2D—cos 12
- < > (12)
Itiseasly seenthat a =p /8. Therefore,
2 2 D2 2 2
Dfa =D +=-- D cosp /8) = [L.25- coslp /8)] D
or
D, = D4/1.25- coslp /8) » 0.5711D (13)

Location for the
worst case
interference

<:> Network one
O Network two

Figure 8. Cdculaion of the maximum distance — worst-case interference point

D - radial market size

>
<€ >

<

Two scenarios considered in this report have different radid maket dzes. For the arport
scenario D =25 miles and for the cross country scenario D =200 miles.  Subdtituting these
vauesinto the path |oss equation given in (2), one obtains

L a = 36.5+ 20log(f )+20l0g(D,, ») = 36.5+20l0g(870) + 2010g(14.27) = 1184  (14a)
L,.cc =36.5+20log(f)+20log(D,,, o )=36.5+20log(870) + 20log(114.22) =136.45 (14b)

5.2 Minimum Path Loss

The minimum separation between two arcreft is subject to drict regulations.  For mogt flying
conditions, planes need to be separated by a least 5 miles in the horizonta plane and at least
1500 feet in the verticd plane. Thergfore, the minimum distance between the planes given in
miles can be caculated as
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D = [52 + (1500/ 5280)2]” * =5,0081
Therefore, the minimum path |oss between the aircraft antennas can be caculated as
L., =36.5+20l0g(870)+ 20l0g(5.0081) » 109.29 dB (15)

5.3 Signal to Interference Ratio on the Forward Link

As a reault of the cross sysem interference, the forward link SINR becomes degraded. The
maximum degradation occurs if the interfering arcraft is trangmitting a full power of its PA
while being a the minimum digance from the interfered arcraft. Usng (15), and keeping in
mind the partid overlgp between the channes, the maximum power of the interfering signd can
be calculated as

|, =P

max TX max

- I—min - Gpol =R

TX max

-109.29- G, (16)

In G, represents the interference reduction due to patia overlap between the two channels.
For the case of the first spectrum reuse proposa, the spectra overlap is 40% and therefore,
G, =10log(1.25/0.5) =3.98dB. In the case of the second reuse proposd, the overlap is 100%
and as a result G, =0. One should note that the vaue in (16) represents a conservaive
edimate of the interfering power since it neglects the sdectivity of the aircraft antenna.

On the other hand, a the wordst-case interference point, the power of the serving Sgnd is a its
minimum, which can be caculated as

Smi n

=P,-CL-L, +AG(q.f) 17)

where CL represents the losses due to cables dong the base dation transmisson path and
AG(q,f) is the antenna gain of the bese antenna which depends on the arcraft azimuth and
eevaion. Assuming nomind vdue of the cable losses of 3dB, and subgtituting the vaues for
L. gven in (14), one obtains the minimum saving levels for the arport and cross-country
scenarios as

S,ina = Pars + AG(0,f ) - 121.4 (18a)

S,ince = Pars + AG(q,f )- 139.42 (18b)

mi

Combining (16) and (18), the expresson for the difference between the serving sgnd and the
interferer becomes

Suina = lma = IRu = P +AG(q f )- 1214~ Py, +109.29+G

" 19
= Pars +AG(q,f )' Pxmex TGpo - 12.11 (193)
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SminCC - Im = SRCQS = PBTS +AG(q,f )' 139.42' P

e 10929+ G,
= Pars +AG(q’f )' P max +Gpol - 30.13

(19b)

From (19), it is seen that for a given spectrum reuse option, the level of the cross system
interference depends on three parameters. base dation transmit power or EIRP, maximum
arcraft PA power, and the gain of the base dation antenna.  The nomind vaues for the base
dation transmit power and the maximum aircraft PA power are 43 and 23 dBm respectively [4].
With these numerical vaues, the difference between the serving sgnd and the cross system
interference smplifiesas

SR, =43- 23-1211+G,, + AG(q,f ) =7.89+ G, + AG(q.f ) (20a)
and
SRy =43- 23- 30.11+G , + AG(q.f ) =- 13.11+ G, + AG(q.f ) (20b)

The results obtained usng (20), for different cases of spectrum reuse and different operation
scenarios are summarized in Table 3.

Table 3. Worst-case SIR for different reuse and operational scenarios

Spectrum reuse scenario Operation scenario Worst case SIR [dB]
40% Overlap Airport 11.86+ AG(q,f )
Cross-country - 9.13+ AG(q,f)
Airport 7.89+ AG(q,f
100% Overlap RO (q )
Cross-country - 13.11+ AG(q,f )

According to Table 3, for the airport scenario, the SIR “budget” is about 10dB and as long as the
antenna gan of the serving cdl is pogtive, the impact of the interference becomes negligible
even in the word-case scenario. For the cross-country scenario, the dtuation is somewhat
different. At the system’s edge, the power of the serving signd is smdl and the signa becomes
vulnerable to any kind of additiona interference. However, due to a large market area and
relaivdy low traffic loading, the probability of gpatialy encountering a wordt-case interference
scenario in the cross-country operationd caseisvery smal.
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6 Simulation Results

When the andyss of a communication sysem is peaformed usng Monte Calo (MC)
gmulations, one can record many different performance indicators. The smulator used in this
sudy dso provides the same flexibility. However, by presenting dl collected parameters, it is
possible to defocus the results of the study. For that reason, in this initid report the results are
presented through only five representative types of plots A sample for each of the plot types
used in this report and gppropriate explanations are given asfollows.

Plot 1. Time domain SNR degradation plot. A sample of a time domain SINR degradation plot
is presented in Fig. 9. As seen, the plot is three-dimensona. Along the xaxis is the Smulaion
time and aong the yaxis is the ID of the arcraft. Along the zaxis is the difference between the
SINR recorded when cross sysem interference is ignored, and the SINR recorded when the cross
system interference is taken into account.
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Figure 9. Example of the Time Domain SNR Degradation plot

For example, for the plot presented in Fig. 9, the smulations are performed over a 7200 second
time intervd and there are twelve arcraft “flying” over the market area The degradaions can
occasionally exceed several dBs. As an example, consider the trace recorded for the 12" aircraft.
At the time stamp around 3,000 seconds, the degradation of the SINR exceeds 6dB for a short
time intervd. The time domain SINR degradation plot provides a good visud indication of the
cross sysem interference.  Therefore, this plot should be treated in a more quditative rather than
a quantitative manner.
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Plot 2. Probability of the SNR degradation. A sample plot for probability of the SINR
degradation is presented in Fig. 10. This plot represents a prime indicator of the cross system
interference levd. Along the x-axis is the level of he SINR degradation expressed in dB, while
adong the y-axis one finds the probability of an arcraft experiencing a given degradetion leve.
For example, for the plot presented in Fig. 10, one reads that the probability of a 1dB SINR
degradation (shown on the graph as 10°) is approximatdy 6° 10°°. For the sake of reference,
the results presented in Figs 9 and 10 are obtained for the same smulation scenario.
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Figure 10. Example of the Probability of SNR degradation plot

Plot 3. DOstribution of the Aircraft TX power. A sample plot presenting a digtribution of the
arcraft transmit power is presented in Fig. 11. Along the xaxis is the power vaue in dBm, and
dong the y-axis is the percentage of time (i.e. probability), that the arcraft would tranamit given
power level. This is an aggregate plot for dl arcraft served by one of the two sysems. In Fig.
11, one notices a didribution pesk a 23dBm. This peek is the result of the maximum arcraft
transmit power, which was set to 23dBm for dl the Iamulations conducted in this sudy (c.f.
Table 2).
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Figure 11. Example of the Distribution of the Aircraft TX power plot

Plot 4. Average forward link throughput reduction. A sample plot used to demongrate the
absolute reduction of the forward link throughput is presented in Fig. 12. Along the xaxis one
finds the loading of the system expressed as a percentage of the pole point. Along the yaxisis
the average forward link throughput reduction recorded through the smulations. The throughput
reduction is determined as a difference between average forward link data rate when there is no
cross sysem interference, and the average forward link data rate when the interference is taken
into account. For example, in Fig. 12, one reads that for 75% pole point loading, an average
decrease in throughput perceived by the aircraft is 9.44kb/sec.

Plot 5. Relative forward link throughput reduction. A sample plot used to demonstrate the
relative reduction of the forward link throughput is presented in Fig. 13. Along the xaxis is the
loading of the system and dong the yaxis is the relative decrease in the forward link throughput.
The relative decrease in the forward link throughput is determined as a ratio between the
absolute decrease and average forward link data rate. For example, from Figs 12 and 13, a 75%
loading the absolute throughput decrease is 9.44kb/sec, which is about 0.87% of the average
forward link throughput.
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Figure 12. Example of the Average Reduction in the Forward Link Throughput plot
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Figure 13. Example of the Relative Reduction in the Forward Link Throughput plot
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