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Figure 48. Didribution of the aircraft transmit power for airport configuration, 25% pole point
loading and 100% spectrum overlap
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{ Migration Strategy for Spectrum Migration

Since an incumbent operator exists in the ATG band usng narrowband 6 kHz digitd FDMA
access, it is necessary to have a migration strategy where this operator can continue to operate
the 6 kHz network while transtioning to a CDMA architecture®  Also, during the transitiona
period of Phase 1, the second CDMA operator begins building and commissioning their network.

The incumbent 6 kHz operator must undergo a technology trandtion independent of whether a
sngle or dud CDMA ATG migration is pursued. Since a dud CDMA dlocation is not only
technologicdly viable but best serves the public interest, this is clearly the preferred approach.
The duad CDMA network migration causes no harm to the incumbent operator. The proposed
trangtiond timeframe is 6-9 months.

Figure 56 describes how the migration path is redized—trangtioning from Phase 1, where both
narrowband and broadband access occurs, through to Phase 2, where only broadband access
occurs.

In Phase 1, the left hand spectrum alocation of 600 kHz (0.6 MHz)” enables the incumbent
narrowband ATG operator to continue to offer narrowband services while building a CDMA
overlay. This 600 kHz dlocation affords a K=3 spectra re-use plan which is wholly adequate
for today’s ar-to-ground communications needs (this network is lightly loaded). The frequency
reuse scheme of K=3 is the smdles re-use plan tha retains a sufficient degree of <df-
interference protection for ar-to-ground network design (See Appendix A of this report). Each
of the three channd blocks has 29 voice channels, which is more than adequate, especidly
conddering that the incumbent operator will adso begin to add substantia incrementa capacity as
CDMA dites are brought on-line.

In Phase 1, a portion of the ATG spectrum is unused and this is shown as a 150 kHz guard band.
Note that this is not intended to be a guard band per sg rather, it is spectrum that, during the
Phase 1 trandtion, has no designated use. In areas with high traffic load requirements, this
goectrum may be used to provide additiond narrowband channels.  Findly, 1.25 MHz is
allocated for CDMA access.

During Phase 1, System 1 and System 2 CDMA dlocations are 100% overlapped. Provided that
the networks, System’s 1 and 2, are only operated at around 25% of the network’s pole point,
this 100% overlap does not increase cross-interference levels to dgnificant levels. In fact, even
during this 100% overlap period, & 25% of the pole point, the relative forward path data rate
reduction is only 0.03%, which is virtudly meaningless in terms of impact (cf. Section 6.4).
Thus, 25 % loading is ultra-conservative (a 50% loading the reative data rate reduction is only
1.07%).

® The incumbent ATG operator has indicated a desire to transition to CDMA access (reference
Verizon FCC filing dated December 4, 2003).
" Labeled “NB” for “Narrowband”
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Figure 56. Migration strategy spectra map

After the 6-9 month trangtion period is completed, Phase 2 becomes fully operationd. In the
described migration path of Fig. 56, System 1, over a short pre-determined time-frame (of weeks
not months), would retune its entire network 750 kHz lower. The resulting spectrd map of
Phase 2 isnow redlized.

At this point and going forward, no legacy narrowband ATG operations are permitted - only
CDMA operdtion is dlowed. The CDMA network loading can now be permitted to increase
sance the 40% overlap offers increased spectrd isolation. These CDMA networks, System 1 and
Sysem 2, can nomindly operate a 50% of their pole point, and even sometimes a higher
loadings to serve transent traffic load surges.
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The described migration drategy has been well studied and shown to be technicaly viable. It
grants the incumbent operator a trangtiond period, enables the new operator to build its CDMA
network, enables the incumbent operator to build its CDMA network and findly, permits both
operators to operate CDMA networks at loadings which yield a combined capacity of 480 voice
channels (or channd equivadents) for a given geographic region such as an airport.
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8 Interference to Adjacent Radio Systems

Sysems deployed in ATG band may interfere with other radio systems operating in adjacent
frequency bands. This section analyzes the possbility of such interference and proposes some
methods for its imination.

8.1 Interference to Adjacent Cellular Systems

Out of the two ATG spectrum reuse proposals discussed in this report, the proposa for Phase 2
has a potentid of causng some interference to exiding terrestria cdlular systems. Consider the
frequency dlocation of the ATG spectrum as shown in Fig. 57. As can be seen, the spectrum
block assgned to System 1 has no guard band towards the B’ portion of the spectrum alocated
to the B-dde cdlular provider. Therefore, there exists a posshbility of cross sysem interference.
From Fig. 57, it is seen that there are two interference possbilities given as.

1. Ground to ar communication of Sysem 1 intefering to cdlular sysem downlink (base

to mobile)
2. Air to ground communication of Sysem 1 intefering with cdlular sysem uplink (mohbile
to base)
_ 125MHz _ 125MHz
sl |l
2.5 MHz System 1 2.5 MHz System 1
B' Uplink B' Downlink
< > < >
System 2 System 2
> < >
1.25 MHz 1.25 MHz
846.5 MHz 891.5 MHz
2 MHz 2 MHz
< > < >
849 MHz 851 MHz 894 MHz 896 MHz

I:I Ground to air

Figure 57. ATG spectrum migration reative to exising cdlular systems

An illugration of the inteference paths between ATG Sysem 1 and the teredrid cdlular
system is provided in Fig. 58. As can be seen, from the two interference possihilities, the firgt
one is less of a problem. To avoid the interference to System 2, the antennas of System 1 base
gations have to be uptilited (cf. Section 2). Therefore, System 1 radiation towards the ground is
reduced. On the other hand, the second interference posshility is a more chalenging one for a
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leest two reasons.  Firdly, the radiaion from the arcraft antennas is close to being
omnidirectionrdl and therefore it illuminates terrestrid base dations.  Secondly, the arcraft are
mobile and hence, there is a potentid of an arcraft flying in proximity of a terrestrid base dation
antenna system. Thisis especiadly the casein areas close to major airports.

Aircraft

Reverse link for System 1
is adjacent to reverse link
of cellular system

Forward link
communication
894-895.25MHz

Reverse link
communication
849-850.25MHz

Forward link for System 1
e is adjacent to forward link Forward link
of cellular system communication
Y 846.5-849MHz

Uptilted antennas
(c.f. Section 2)

Reverse link Base station of B
. communication side terrestrial carrier
Base station of 891.5-894MHz

System 1 Mobile operating in B'
of the spectrum

Figure 58. Illugration of the interference paths between ATG System 1 and terrestrid cdlular
system operating in B’ part of spectrum

This section focuses on the andyds of the inteference from Sysem 1 ar to ground
communication to the uplink of the terrestrid cdlular sysem. It is assumed that the interference
potentid between the System 1 ground to air communication and the terrestrid downlink can be
controlled through proper antenna pattern salections.

8.1.1 3GPP2 Specification on Spurious Emission

The portion of the RF energy that causes interference from System 1 to the B-Sde cdlular carrier
is out of the band that is alocated to the CDMA ATG channd. Therefore, it is referred to as the
spurious  emisson. The <spurious emisson of a CDMA phone is regulaed by
cdma2000/1xEvDO gandards [5] for dl frequency bands where operation of these technologies
is dlowed. Since there are no IXEvDO systems in ATG spectrum, there are no appropriate
standard specifications. However, it is reasonable to assume that they would have been smilar
to the ones implemented for operation in neighboring cdlular bands.

Within the Standards document [5], the 800 MHz cdlular band is referred to as the Band Class 0.
Appropriate out of band emission requirements for Band Class 0 are summarized in Table 13.

Prepared by AirCel 85



Table 13. Band Class 0 tranamitter spurious emission limits for spreading rate 18

For |Df| within range Emission limits
Less stringent of
-42 dBc/30kHz or -54 dBm/1.23MHz

Less gtringent of
-54 dBc/30kHz or -54 dBm/1.23MHz

885 kHz to 1.98 MHz

1.98 MHz to 4.00 MHz

In a scenario when the transmisson is a its maximum (23 dBm), the emisson limits from Table
13 can be trandated to the power spectrum mask presented in Fig. 59. To smplify the
interpretation of the results, the radiated power spectrum density (PSD) is expressed in dBm per
30 kHz of bandwidth.

A PSD in
dBm/30kHz
6.87
Approximate slope of Re dBm/30kHz
-1dB/10kHz S
l"
'0
"
0"
'0
. -19
SR SR FUSY R SRS dBm/30kHz
...................................................................................................... -31
/ dBm/30kHz
1980 885 625 615 0
Channel 799

Figure 59. Transmission spectrum mask for IXEvDO carrier & maximum ERP (23dBm)
The vaues shown aong the y-axis of Fig. 59 are obtained by using the following equations.
1. Energy in 30 kHz bandwidth of the CDMA channel

E, = 23+10l0g(30/1230) = 6.87 dBmM/30kHz

8 Reproduced from Table 4.5.1.3.1-1in[5].
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2. Energy in 30KHz bandwidth for Df >885 kHz

E, = 23dBm - 42dBc/30kHz = -19dBm/30k Hz °
3. Energy in 30KHz bandwidth for Df >1980 kHz

E, = 23dBm - 54dBc/30KHz = -31dBm/30K Hz

The last channd in the B’ portion of the cdlular spectrum is subject to the word-case
interference. Thisischannd 799. The center frequency of this channel is 848.970 MHz.

Table 13 does not specify the spurious emission levels for frequency offsats in the range 615 kHz
to 885 kHz. To edimae the levd of interference experienced by channd 799, in the firs
approximéation, the spectrum mesk can be linearly interpolated as shown in Fig. 59. The
interpolation results in a line ssgment with a dope of 0.1dB per every kHz of frequency
separation.  Therefore, the spurious emission at the frequency associated with channd 799 can be
estimated as:

E.., = 6.87dBM/30kHz + (848.970 - 849.010) 4000 {0.1dBm/kHz ) = 2.87dBmV/30kHz  (21)

8.1.2 Maximum Interference Levels

The path loss between the cdlular tower and an airplane antenna can be calculated in accordance
with the free space path loss formula given by (1) and (2) in Section 3. Using free space path
loss and abbreviaing G(q,f )- CL as g, one obtains vaues given in Table 14. Columns 3 and 4
of Table 14 provide the receved dgnd level of the interfering 9gnd for two boundary channels
in B" gpectrum. Column 3 corresponds to channd 29, while column 4 corresponds to channe
717. Thefrequencies alocated to these channels are 849.970 and 846.51 MHz respectively.

In the interpretation of the data provided in Table 14, one needs to be aware that they represent
the worst-case interference scenario for at least three reasons, given by

The arcraft is trangmitting & full power. A review of hisograms of the arcraft transmit
power presented in Section 6 reveds that even in the worst case loading scenarios, an
arcraft tranamits at its maximum power for less than 10% of thetime.

Channe 799 is on the edge of the B’ spectrum band and hence the most susceptible to
interference.  Other channels experience lower interference levels. For that reason, Table
14 presents the interference levels for Channel 717, which is on the other edge of the B’
gpectrum. As seen, the interference to channel 717 isfor the most part negligible.

Antennas of terrestrid cdllular towers are usudly downtilted. Since the aircraft would be
outside of the antennas’ main beams, the gain of the antennas would be reduced.

If the operation of the ATG communication is suspended during takeoff and landing, the
issue of interference to B’ largely goes away (c.f. Table 14).

% Definition of dBc can be given as follows [5]: dBc — The ratio (in dB) of the sideband power of
the sgnd measured in a given bandwidth a a given frequency offset from the center frequency
of the same sgnd, to the total inband power of the sgnd.
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Table 14. Interferencelevasfor some B’ channds

Distance [fest] Path loss: PL[dB] RSL799[dBM] RSL7;7[dBm]
500 70.8-g -67.88+g -101.75+ g
1000 76.8-g -7391+g -107.78 + ¢
2000 82.8-¢g -79.93+g -113.80 + g
4000 88.8-g -85.95+g -119.82+g
8000 948-¢g -9197+g -125.77 + g

16000 100.86 - g -97.99 + g -131.86 +
32000 106.99- g -104.00 + g -137.87+g

However, even though the numbers in Table 14 are derived for the word-case interference
scenario, they indicate a ggnificant interference potentid between Sysem 1 and the B-dde
cdlular carier. To completely avoid the posshility of this interference, the implementation of
the ATG spectrum migration proposd presented in Fig. 57 requires additiond filtering on the
arcraft transmisson path. In other words, the spectral mask of the aircraft transmisson needs to
be tighter than the one prescribed by the current sandards. The emisson specifications listed in
Table 13 ae written with a CDMA mobile phone in mind. Since mobile phones are mass-
produced devices with strict cost and size requirements, the specifications given in Table 13 are
desgned o0 that they can be met with inexpensve filtering designs. If a filter with additiona
30dB of dopband atenuation were introduced in the transmisson chain, the interference
between the ATG sysem and cdlular B-Sde carier would be reduced to negligible levels.
Crysd or SAW filters with gpecifications that meet such reguirements are commercidly
avalable and can be easly incorporated into the arcraft's dgnd transmisson path. Therefore,
this issue is manageable through known engineering means.

8.2 Interference to Radio Systems Above ATG Spectral Bands

Both ATG spectrum reuse proposals discussed in this report (Phase 1 and Phase 2) may cause
interference to the radio spectrum operating in adjacent bands above ATG spectrum. For the
same reasons discussed in the previous section, the dgnificant interference potentid exigts only
from ar to ground communication links. In the case of Phase 1 ATG reuse proposd, the
interference may be created to radio systems operating above 851 MHz and 89 MHz.
Similarly, in the case of the Phase 2 proposd, the interference may be created to radio systems
above 896 MHz. Both cases areillusgtrated in Fig. 60.

The spurious emisson of a CDMA mohile is regulated by cdma2000/1XEvDO standards [5] for
al bands where operation of these technologies is dlowed. Since there are no IXEvDO systems
in the ATG band, there are no appropriate standard specifications. However, one can assume
that the requirements would have been smilar to the ones regulating operation in other spectra
bands.

The closest spectrd band that can host a cdma2000/1XEvDO system is 800MHz cdlular band.
Within the standard’s documents [5], this band is referred to as the Band Class 0. On its lower
end, Band Class 0 boarders with SMIR radio systems similar to the ones operating in portions of
gpectrum above ATG band. Therefore, one might expect that the requirements on the spurious
emisson on the ATG IXEvDO systems should be smilar to requirements placed before systems
operating in Band Class 0.
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Figure 60. Illugration of the interference potentid to radio systems above ATG spectrum

The closest cdma2000/1XEvDO channel dlocation towards the lower end of the Band Class O is
channd 1013 in A’ portion of the spectrum. The carier frequency corresponding to channe
1013 is 824.7 MHz. Usng the Band Class 0 spurious emisson requirements given in Table 13
and asuming maximum transmit power of 23 dBm, a transmisson spectrum mask for CDMA
carier usng channel 1013 becomes as shown in Fig. 61. For ease of comparison, the power
gpectrum dengty of the sgnd is given in units of dBn/30kHz.

From Fig. 61, it is seen that spurious emisson of the CDMA mobile a the beginning of the
adjacent SMR frequency band reaches —1.63 dBn/30kHz with arall-off of —1 dB/10kHz.

Congder the CDMA carier digned with the upper end of either ATG spectrum blocks. Its
tranamisson spectrum mask is presented in Fig. 62. This spectrum mask is generated assuming
transmisson of full power (23 dBm). For ease of comparison, the power spectrum dengity of the
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sgnd is expressed in dBm/30 kHz. Comparing Figs 61 and 62, one observes that in the case of
ATG spectrum dlocation, the spurious emission leve is higher by

DR, =5.87 - (- 1.63) = 7.5 dBm/30kHz (21)

Therefore to make two sysems comparable, additiona filtering is needed for ATG spectrum
dlocation. The amount of additiond filtering is only 7.5 dB and it can eadly be achieved with
commercidly available filters of moderate sdectivity. However, in the case when the operation
of ATG is suspended during teke off and landing, the additiond filtering may even be

unnecessary.

A PSD of signal in

End of dBm/30kHz
Band
Class 0 6.87 dBm/30kHz
4
-8.5dB { /'
¢
’é’ \
R4 S _1.63 dBm/30KHz
<«
MHz 824 824.7
824.085 (channel 1013)

Figure61. Transmisson spectrum mask for IXEvDO carrier a channd 1013 of Band Class 0

PSD of signalin 4 End of
dBm/30kHz ATG
spectrum

6.87 dBm/30kHz band

5.87 dBm/30kHz — ..

896
895.375 895.99 MHz

851

or

Figure 62. Transmission spectrum mask for IXEvDO carrier at the upper end of an ATG
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9 Summary and Conclusions

This concept of swapping up/down dlocations in the ATG band has been rigoroudy sudied
through the use of sophisticated Matlab™ smulations. These smulations compare a before and
after ATG system for two key cases. an Airport Scenario and a Cross Country Scenario.

The results presented in the previous sections confirm the viability of the ATG gpectrum
migration proposd. The reuse of the spectrum and partid frequency overlap create potentia for
cross sysem interference, arcreft-to-aircraft and base-to-base.  Only arcraft-to-aircraft cross
gystem interference is consdered; base-to-base cross sysem interference is negligible.  Aircraft-
to-arcraft cross system interference is quite smdl and easly managed using just a few reativey
smple techniques.

In Summary:

In addition;

The spectrum dlocations for the up/down communiceation links are swapped
between System 1 and System 2.

As a reault of the spectrum swap, potential interference is possble between
arcraft-to-aircraft and base-to-base of the two respective systems.

The interference between base dations is easly controlled by maintaining proper
base-to-base separation and by choosng antenna patterns with up-tilted eevation
patterns and a sharp roll-off on the horizon.

The interference between the arcraft is minimized through manegement of the
sysdems loading, base ddion antenna sdection, and by using polarization
isolation (polarization isolation is not an essentia eement of this concept).

Smulaions have demondrated that when loading of the sysems is a or below
50% of the pole point, the cross interference becomes negligible.

This proposa includes a viable migraion drategy for the incumbent ATG
operator as the ATG gspectrum is redlocated to accommodate broad-band
telecommunication services.

Careful congderation has been sudied with respect to possble interference to
frequency bands adjacent to the redlocated ATG band. This study shows no
Maor iSsues are present.

Findly, the smulator results spesk for themsdves and are shown again in Figs 62 and 63.
Graphs in Fig. 62 are generated for the Airport scenario, while Fig. 63 presents graphs obtained
for the Cross-country scenario.
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Airport scenario: Relative throughput reduction, blue - 100% overlap, red - 40% overlap
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Figure 62. Performance curvesfor Airport scenario
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Cross-country scenario: Relative throughput reduction, blue - 100% overlap, red - 40% overlap
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Figure 63. Performance curves for Cross-country scenario
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In dl cases, by looking at either the relative throughput reduction (before to after), as well as the
probability of a 1 dB SINR reduction (again, before to after), eech CDMA system, System 1 and
System 2, is capable of operating near 50% of the pole point. By dl standard measures, this is
consdered a nomind operation of a CDMA network. In the cross-country case, the individua
system loadings can be dightly higher than 50% of the pole point.

Given that the public benefit is being served by adopting this spectrum migration concept, and
that the concept is technicaly viable, AirCdl srongly recommends that the FCC adopts this
proposd in atimely fashion.
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10 Appendix A: Analysis of the Worst-Case C/I Ratio in K=3
Frequency Reuse Scenario

Condgder an ided ATG cdlular sysem implementing a narrowband FDMA technology with a
frequency reuse pattern of K=3. A geographica layout of such a system is presented in Fig. A.L
From Fig. A.1, it is seen that the worst-case C/I occurs a point A. This point is a the edge of the
sarving Ste's coverage area. As a reault, the signd from the sarving dte is a the lowest possble
level. At the same time, point A is in the dosest proximity of the firg tier co-channd interferers
and the level of interference is the highest. As seen, there are six interferers in the first tier'® and
in the word-case scenario al of them are active a the same time. Assuming the same ERP for
dl the gtes in the sysem, the C/I ratio a point A depends on three factors. the distance between
point A and the serving cel gte (i.e. cdl gdte radius), distances between point A and the fird tier
interferers and radiation patterns of utilized antennas.

Figure A.1. Illugration of an ided system with K=3 frequency reuse

19 The impact of the second tier interferers can be safedly neglected. They are far away from
considered bcation (point A) and their sgnas are week. Additiondly, for large cels, the second
tier interferers are shadowed by the Earth’s surface.
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From Fig. A.1, the distances between point A and appropriate cell sites can be calculated as:
Distance to serving Ste

d,=R (A1
Digancesto interfering Sites

d, =2R (A2)
d, =d, =R7 (A.3)
d, =d. =RJ/13 (A.4)
d, =4R (A5)

Therefore, the worst case C/I ratio is given by

(C/)ye = G, (A.6)

6
a. C;I dI "
i=1
where

G - antennagain of the server in the direction of the aircraft
G - antennagain of the ith interferer in the direction of the aircraft
d, - digtance from point A to the serving cdll
d - distance to theith interferer
n - path loss exponent

Subgtituting, (A.1) to (A.5) into (A.6) yields

(/1 )ye = SR - (A7)
G,(2R) " + (G, +G,\R7) " +(G, G, JRVE3) " +G, (4R)"
or
G
(C/)ye = s (A.8)
G, 2+ (G, +G;) =y + (G, + Go) o7y + G, =
ton 7 13 4

The equation of the form provided in (A.8) is frequently used to estimate the worst @se C/l in
terredtrid  cdlular sysems [1]. As a ressonable smplification, it is usudly assumed that the
antenna gains in the direction of the mobile are approximately the same and that the cell dtes are
of a rdativdy smdl sze 0 that the effects of the Earth’s curvature can be neglected. Under

these assumptions, and using typicd terrestrid vaue of n =4, (A.8) can be evaluated as

1
(C)ye = T 5 [ -840® 924.dB (A.9)

2t 7 13F 4
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The terredtrid propagetion environment is characterized with severe Rayleigh fading.  For that
reason, the C/I rdio of jus 9.24dB is usudly insufficent to guarantee a aufficient leve of cdl
qudity. Asaresult, thereuseof K = 3israrely found in terredtrid cdlular systems.

Use of (A.8) in the case d ATG cdlular systems requires some additiond consderations. Firdt,
in ATG systems the radii of the cdl dtes are usudly quite large.  Therefore, the effects of the
Eath's curvature cannot be neglected. Second, the arcraft are at dtitudes that usualy exceed
20,000 feet. High dtitudes make the arcraft vidble from greater digances. Findly, the
propagation conditions are essentidly free space with n=2. Taking these congderations into
account, (A.6) can be modified as

-2
(C/I )WC — GG's(ds’hA1hB)ds
a G (d;,h,,hy)d?

i=1

(A.10)

where
h, - dtitudeof thearcraft
hg - radiation centerline of the base Sation

and other quantities are as defined in (A.6).

In (A.9), it is explicitly noted that the gain of the antenna in the direction of the arcraft depends
on three factors the distance between the arcraft and the base, the radiaion centerline of the
base and the arcraft dtitude. However, the gain of the antenna gpplies only if the arcraft is
above radio horizon. At large distances from the base, the arcraft fdls into the Earth’'s radio
shadow, and the amount of the received energy becomes vary smal.

10.1 Earth Shadow in ATG Cellular Systems

Condder the dtudtion depicted in Fig. A.2. It is seen thet a any given arcraft distance d,, that

is larger than the disance to radio horizon, there exis a minimum dtitude beow which the
arcraft fliesindgde the Earth’s shadow. From figure A.2, the following relations hold.

_ R _ o1& R0
cos(a)— +hy P a =cos gRE +h55 (A.11)
Cha o & R 0
d, = R.a =R. cos R +hAB (A12)
d
dA =b b b=-A A.13
Re R (A13)
From triangle BOD
_ R _ R
cos(b - a)_m P Hyy =iy Re (A.14)

where H ;. isthe height of the Earth’s shadow at the aircraft distance.
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Earth's
shadow

Figure A.2. Earth’s shadow effect

Substituting (A.11) to (A.13) into (A.14), yields

Hmin = 2 RE o~ RE
ed, 22 R ol

COsg—- COos g |

eRE Re + hB A

(A.15)

Equation (A.15) provides the relationship between the aircraft to the base distance, the radiation
centerline of the base, and the height of the radio horizon at the arcraft's digance. To illustrate

use of (A.15), congder the following Smple example.

Example A.1. Consider an aircraft at a distance of d, = 264 milesform an ATG cell site. If the cell
site has a radiation centerline of h; =130 feet, determine the minimum altitude of the aircraft so that it
flies above the radio horizon. Assume a norma propagation condition, i.e, R =4/3xR.,, where

Rz, =3963 miles[6].
Typica radio radius of the Earth is given as
R: =4/3xX3963x1.609 = 8501.96 km

Using (A.15),

(A.16)
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I i

! . 'J.r

Hpin =8501.96 —- 1y =9.35km ® 30,690feet (A.17)
T o 22044609 e 850196 (0

lc sg— COS G ——————— = =
1 8501.96 €8501.96 + 0.04 gy b

Therefore, at a distance of 264 miles from the base, the aircraft that are flying a dtitudes below 30,052
feet are in the Earth’s radio shadow. As a result, the base station signal will be attenuated to the point at
which its presence at the aircraft antenna can be safely neglected.

For some nomina vaues of base dation radiation centerlines and typicad propagation conditions,
(A.15) is used to generate the family of curves presented in Fig. A.3. For a given base dation
height, the curves provide a relationship between the distance to the aircraft and the height of the
Eath's shadow a the arcraft's distance. For example, if the radiaion centerline of the base is
150 feet (green line), and the arcraft’s flying dtitude is 30,000 feet, the arcraft will be in the
Earth's shadow for distances greater than 260 miles. For arcraft to base distances above 300
miles, the arcraft will be in the Earth’s shadow for dl dtitudes used in commercid flights.

base station radiation centerline: red - 50 feet, green - 150 feet, blue - 300 feet
45 I I I I I

40

35

30

25

20

15

10

altitude of the Earth's shadow [feet1000]

0 50 100 150 200 250 300
base to aircraft distance [miles]

Figure A.3. Reationship between aircraft distance and the dtitude of the Earths shadow

The curves presented in Fig. A.3 ae deived assuming that there is no dgnificant terrain
blockage of the radio path. Existence of such blockage increases the required aircraft dtitude for
agiven base to aircraft distance.
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10.2 Antenna Pattern Effects

Equation (A.15) can be used to determine the dtitude of the Earth’s shadow. For an arcraft
flying in the shadow of the Earth, the radio path is obstructed and the energy received from the
base dation becomes very smdl. For an arcraft that is flying aove the Earth’'s shadow, the
levd of the recelved sgnd depends on the shape of the base antenna pattern. To control
negative impact of multipath propagation in ATG sysems, it is common practice to implement
antennas with uptilted verticd patterns like the ones used for smulaions presented in Section 3
of thisreport.

Congder the stuation depicted in Fig. A 4.

antenna
pattern a a - angle above horizon

aircraft

.
.
[
O I”

Figure A.4. Effectsof uptilted antenna pattern in cellular systems

From figure A 4, the following relations hold.

d
b=—2 A.18
R (A.18)
x=|(Re +h, ) +(Re +h, f - 2(Re + h, JRe +hg)cos(p)|'* (A.19)
Using sine theorem
X __Reth, (A.20)

sn(b) dn(p/2-q)
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Therefore,

é1 al
G=p/2-sn & (Re + hA)smg‘%% (A.21)
E

é
where x isgivenby (A.19) anda =-q.
Equation (A.21) is used to generate the family of curves shown in Fg. A5 The curves ae

generated using typicd base dation height of 150 feet and assuming a typicd base uptilt of four
degrees.

Aircraft altitude, blue: 20,000 feet, green: 30,000 feet, red: 40,000 feet
14 | | ! ! | |

= =k
— M2

[=n)

angle above antenna haorizon [degrees)

-2
50 100 150 200 250 300 350 400
distance [miles]

Figure A.5. Elevation angle of the aircraft as afunction of aircraft to base separation
Using Fig. A.5, two important observations can be made.

1. Due to uptilted pattern of the base antenna, the aircraft that fly close to the base (50-150
miles) experience the highest gains. For example, an arcraft tha flies at dtitude of
30,000 feet (green line), is in the center of the main beam a a distance of gpproximately
115 miles from the base.

2. As the aircraft is further away from the base, its angular position approaches zero degrees
and eventudly becomes negative (see blue line in Fg. A.5). Therefore, the arcraft at
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large distances are outsde of the antennds main beam and therefore the antenna gain in
their direction becomes reduced.

10.3 Evaluation of the Worst-Case C/I

Reaults of the analyss provided in Sections 10.1 and 10.2 are used to predict the worst-case ClI
in two operational scenarios anadlyzed in this report. Both scenarios are evaduated assuming
dandard propagation conditions [6]. The system configuration parameters are consistent with
the smulation parameters provided in Section 3.

10.3.1 Worst-Case C/I in Cross-Country Scenario

In the cross-country scenario, the radii of the cel dtes ae R=100 miles. Therefore, the
distances from the arcraft in point A (cf. Fg. A.l) to the firg tier interfering Stes may be
caculated as.

d, = 2R =200 miles (A.22)
d, =d, = R\/7 = 264.56 miles (A.23)
d, =d. = RV13 =360.56 miles (A.24)
d, =400 miles (A.25)

Comparing vaues in (A.22) to (A.25) with curves presented in Fig. A.3, one observes that for dl
dtitudes used in commercid flights, the arcraft is in the Eath’'s shadow for interferers 4, 5 and
6. Therefore, their impact on the C/I vdueisnegligible

Furthermore, from Fig. A5, it is seen tha for inteferers 2 and 3, the devation angle of the
arcraft is around one degree.  Since ATG antennas are usudly designed with a radiation pattern
null on the horizon, the interference coming from inteferers 2 and 3 becomes dgnificantly
reduced.

As a find result, one observes tha the only dgnificant inteference comes from the firg
interferer. Therefore, the wordt-case interference in the cross-country scenario becomes

(A.26)

where x is the gain of the antenna from the firg interferer in the direction of the arcraft. The
maximum vaue of x is 1 and the worgt-case interference in the cross-country scenario is dways
grater than 4 (6dB).

The vdue of (C/I):6 dB is inaufficient to guarantee good quality communicatiion for most
terrestrid cdlular sysems due to Raylegh fading naure of the propagation environment.
However, the ATG channd does not experience severe Rayleigh fading and can be more closdy
moddled as AWGN™ channd. For an AWGN channd, the C/I vaue of 6dB is sufficient to
provide an acceptable performance leve for many digita modulation schemes|[7].

1 AWGN is an acronym for Additive White Gaussian Noise channel
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10.3.2 Worst-Case C/I in Airport Scenario

In the case of arport scenario, the radii of the cdl dtes ae R=12.5 miles Therefore, the
distances to thefird tier of interfering sites can be calculated as:

d, =2R=125 miles (A.27)
d, =d, = Ry/7 = 33.07 miles (A.28)
d, =d, = Ry13 =45.07 miles (A.29)
d, =50 miles (A.30)

Dueto rdaively smdl distances, dl of the interferers see the aircraft above the Earth’ s shadow.

As it was discussed in Section 3, due to capacity reasons, the cells around the airports are usualy
sectorized.  For sectorized dtes, the interference scenario in an ided system is illudrated in Fig.
A.6. As seen, due to orientation of the sectorized antennas, the interference becomes reduced.
Interferers 1, 2 and 3 are radiating away from point A.

Figure A.6. Illudration of the interference scenario in sectorized cell layout around airports
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Therefore, in the case of arport scenario, the only sgnificant interference comes from interferers
4,5 and 6. The worst-case interference can be caculated as

1

c/l)y=—">"
(C/1 e 2/13+1/16

=4.633® 6.64 dB (A.31)

Therefore, in arport scenario, the C/I is dightly higher than in the case of cross-country scenario.
Due to predominantly AWGN naure of the ATG channd, the C/I of 6.64 dB is sufficient to
guarantee acceptable performance for many digitd modulation schemes.

At the end of thisandysis, it isimportant to make the following observations:

The C/I vaues caculated in the cross-country and airport scenarios represent the absolute
worgt-case.  The worst-case interference occurs above a single geographica location at
the edge of the serving cell ste's coverage area.  For dl other points that are inside of the
cdl, the C/I values are better than what is predicted by (A.26) and (A.31).

The C/I vaues in (A.26) and (A.31) assume smultaneous activity of dl co-channd stes.
Even in the case of sgnificant traffic loading thisis an event with avery low probability.

The worg-case C/I vadues are cdculated assuming full cdlular deployment. In other
words, the cdls are populating al places in a hexagond grid. However, in practicd ATG
gysems, the cdls ae placed dong mgor arplane corridors in a “sring of pearls’
configuration.  For such configuration, the number of interferers is sgnificantly reduced
and the worst-case C/I improves.
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