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Interference in Air-to-Ground CDMA Cellular

Systems

Besma Smida and Vahid Tarokh

Abstract

For air-to-ground cellular systems with no frequency reuseprovide an analysis of the inter-cell interference
under 3D hexagonal cell planning and a line of sight chanmadlehwith no shadowing assumptions. Based on
this model, we derive approximate bounds for the inter toakcell interference ratio for the air-to-ground link.
In addition, we provide upper bounds on the interference thedoutage probability for the ground-to-air link.

Simulation results demonstrate that our approximatioaseatremely tight.

This paper was presented in part at the CISS 2008 and IEEE (D8 @onferences.
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I. INTRODUCTION

Air to ground (ATG) communication systems are emerging agféective way to provide broadband
services to the airborne commercial market, because itiggeva relatively inexpensive connectivity
solution. For ATG systems, as is the case for the terrestelililar systems, the main factor limiting the
underlying data rates is the existence of interferences Shgnificantly motivates the quantification of
interference in these systems. In particular, simple dicalgrmulas that avoid extensive simulations are
very much sought after.

The current air to ground (ATG)/ground to air (GTA) commuations spectrum allocation in the United
States, only allows for 3G systems that can operate in pdifedIHz forward and 1.5 MHz reverse link
bands. A solution is a narrow-band CDMA system that operatgsired 1.25 MHz forward and1.25
MHz reverse link bands. Examples of such systems are 1xEVE@ Rnd RevA (EVolution Data-Only
Release 0 and Revision A) systems. These systems usualigtepeith a frequency reuse factor of one
(i.e. no frequency reuse) and can provide peak data ratgdd défibps in the forward and up t®.4 Mbps
in the reverse links. For such CDMA cellular terrestrialteyss, forward link interference is studied in a
paper by Bender, Black, Grob, Padovani, Sindhushyana, @athV1] using standard propagation models
and extensive simulations for hexagonal cell plan scenattovever, to the best of our knowledge, there
are no analytic formulas that can be applied to avoid thesensie simulations. This is not surprising,
since the channel path gains for a terrestrial system is aic@tion of various path loss, long term
(shadowing) and short term (multipath) fading componeRtth loss by itself can vary from one end
user to the other and significantly depends on the envirohnh@mg term fading also depends heavily
on the environment. Short term fading can also be Rician ofddRgh depending on the propagation
scenario. These variations make it extremely hard to aviomlilations and obtain a useful formula for
the characterization/computation of the interference [2]

When considering ATG/GTA systems, the situation is sigaifity different. The ATG/GTA channel is

accurately modeled by a line-of-sight channel with no skadg, where path loss obeys a well-known
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inverse square exponent law as a function of distance frantrdmsmitter[3]. This makes the ATG/GTA
systems simpler to analyze than terrestrial systems. Rigsim the literature the interference for CDMA
ATG/GTA systems has been commonly studied through the usxtehsive simulations [4], [5], [6]. In
fact, very accurate closed form approximations for therfatence are possible, and this is the topic of
the current paper.

The outline of this paper is given next. In Section Il, we présour mathematical model of an ATG/GTA
communication system. In Section Ill, we compute approxioms on the interference in ATG/GTA
systems. In Section IV, we provide simulation results destrating that our bounds are very tight for all

practical scenarios of interest. Finally, we draw our casigdns in Section V.

[I. SYSTEM AND CHANNEL MODEL

The ATG/GTA channel can be modeled by a line-of-sight chawit no shadowing except for the earth
curvature effect. The line-of-sight scenario represdmggitansmission at the vicinity of the base station and
it is characterized by inverse square law path loss [3]. A&sdistance between the airborne vehicular and
the base station is increased, the radio horizon or radeodfrsight (RLOS) is approached, and the signal
attenuation is highly increased because of the bulge of d@nin® spherical surface. The extremely large
signal attenuation which occurs beyond RLOS is the maireifice between an ATG/GTA interference
analysis and a conventional terrestrial analysis. We tigatas a step discontinuity in propagation path

loss, at RLOS, from the inverse square law to the near-iefipéth loss:

201og,,(d[m]) + C, if d < RLOS
PL(d[m])[dB] = 1)

A 00, if d > RLOS

wherePL is the path loss(' is a constant which accounts for the system losses¢dasidhe link distance.
Since actual attenuations are in fact quite large beyond KLbis is a reasonable approximation. The
RLOS distance to the 4/3 earth horizon from an airborne Veldtthe altitude: is given by the simple

formula (see Figure 1):

RLOS(2) = /2R + 22 ~ /2R, z, 2)
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where R, = 4/3 x 6378.135 Km is 4/3 times the radius of the earth. The maximum RLOS, mhme
RLOS,..., is given by RLOS,.. = V2R, H oz

We consider an air-to-ground cellular mobile system, cosegof a number of base stations distributed
throughout the service area. The proposed system can cwokerre vehicles flying over and near land
areas. We analyze both the air-to-ground ATG link, wherenf@mation is transmitted from an airborne
vehicular to the base station, and the ground-to-air GTR, hvhere the base station transmits information

to an aircraft. The following assumptions are used throughout this paper:

1) We model the 3D cells by cylindrical cells. We first consitlee standard hexagonal cell layout and
then approximate each hexagon by a co-centered disc of ageel(Note that a hexagon inscribed
in a circle of radiusR, is equal in area to a circle of radiug, = \/gRC) [7]. We will refer to the
cells as either the 3D or cylindrical cells in the remaindkethe paper.

2) We assume that the airborne vehicles are uniformly bisteid in each cylindrical cell with maximum
height H,,,....

3) We assume omnidirectional antennas at both the baserstatid the airborne vehicular. This
assumption makes the computation tractable. We also peogio®ple tools to extend our results to
the case of sectorized antennas at the base station.

4) We assume perfect power control for the ATG link (for batkfftc data and pilot) and transmission
at maximum for the GTA link.

5) We assume that an airborne terminal is served by the basenstvith the strongest channel. Since
the ATG channel is modeled by Equation (1), all airborne slelsiare connected to the closest base

station.
!Please note the confusing standardized meaning of dowalitkuplink in the context of air-to-ground communicatiomefefore, we

decided to adopt the ATG/GTA notation in the remainder of ghper
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[Il. A NALYSIS OF INTERFERENCE
A. Air to Ground Link

The analysis derived here can be viewed as an extension aféetteod in [8] to three dimensional (3D)
cellular systems. We first evaluate the contribution of eeta of cellY to the interference at the base
station in cell.X. We model each interference source as an element of vollime rdrdf;dz as shown
in Figure 2. By assuming perfect power control, the baseostaf receives in expectation an element of

powerdPy (from each elementV):

2

X |CYz'|2 x G;(r,0;, 2) x %

B P
 TR2H 0,
where P, a constant, is the power received at the base statiois,a random variable modeling the multi-

path fadingG;(r, 6;, z) is the antenna gain under which the base stalicsees the element of volunad@’,

p = Vr?+ 22 is the distance from/l” to the closest base station, R; = \/D? + 12+ 22 — 2D;r cosb;
is the distance from the element of volurd& to the desired cellX, and each of the other terms are
shown in Figure 2. Note that we adjust the power received bitiplying by U(RLOS(z) — R;), the

indicator function, which accounts for propagation up to@%._only [4]:

1 >0,
Ulz) = (4)

0 otherwise

The total average interference contribution of éélkto cell X is

P Rs p27 pHmax ) p2
Prm /0 /0 /0 ElJo G 0 2) U (RLOSI2) — Ro)rdrdfd (5)

Since the expectation|[k;|%] = 1, hence the fast (multipath) fading do not affect the meangudevel.

D24r2-2D; 0;
Let Ay & =2 thus

After simple manipulations, we have

P Rs 027 pHumas 0
Fr= m/o A /};mm Gi(r’ 9i7 Z)R_?U(Hmax - hmm)rdrdeidz. (7)
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The following Lemma will be useful for further mathematicdvelopments.

Lemma 1: The functionf(z) = 52— satisfies

r? r? 4+ 22
D: +1r? —2D;r cosb; D? + 1% —2D;r cos b;

for r < D; andz < \/D? + 12 — 2D;r cos 0;.

Using Lemma 1,Py is bounded by

Py < /Rs/ /Hmaz 6, 2) r? + 22 U(Homs — o )rdrd6d
b WR Hmaf” hin (76,2 D2+T2—2D r cos b; max min )T AT AViAZ,

RS max
P > ‘9@, Hmax - hmm d dﬁ d
o= 7TR Hmax / / / (r Z)D2—|—T2—2D r cos 0, U Jrdr z

"LZI’L

(8)

As illustrated in Figure 1, we divided all the cells in the\see area into three subsectioAs B, and

C.

« SubsetA includes the cells at a distande; < RLOS,,,.. — R;, the interference contribution of
elements in subset is namedl 7, .

« SubsetB includes the cells at distance RLQS — R, < D; < RLOS,,.. + R,, the interference
contribution of elements in subsét is named/ ¢, .

« SubsetC includes the rest of the cells (cells in subset C do not iaterfvith the cell of interest).

This cell division allows us to eliminate the indicator faionn U(z) and hence makes the analytical
evaluation of the interference possible.
1) Subset A: Next we consider any poirt-, 6;, z) in a cell in subset4, then

D? + 1?2 —2D,r cos b;
hmin = < Hpaz- 9
R 9)

Using the above equation, the interference contributiorlements in subset is

P NA Rs Hnaz p2
Iarc, = m ;/O /o /hmm Gi(r,0;, Z)R—?rdrdﬁidz, (20)
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where N, is the total number of cells in subset. In the remainder of section IlI-A.1, we assume
omnidirectional antennas((r,;,z) = 1) at the base statioX. This assumption allows us to derive a
closed form for the bounds. We substitute the expressiadn, gf in the lower and upper bound expressions

in Equation (8) and integrate over ¢; andr to arrive at:
IiXTGA < IATGA < IXTGA' (11)

The bounds’y,, and I, are defined as:

Ny 2 4
P H_..R> R o
e, =—— N op(p, - mertls | s ) 0., 12
ATG ngHmax; ”( 2 8Rt) 24R§( ) (12)
Na 2 4
P H.. R R
T = Nog(r, - Tmertts s ) 13
ATG ngHmax; W( 2 8Rt) (13)
where
1—\ l Dzz HmawDi2+H§1ax
. f— n
‘ D? — R? 2 6 )’
RS DAR2
Q = DIRi+ 5 +—5+
6 9
D? H oo D?
T - mDZ_RQ( 2 ) (14)

The second term in Equation (12) can be ignored since it idlsiiais implies that the interference

generated by all the airborne vehicles in sub4as approximately upper bounded by:

Na 2 4

" P Hppon R R

Tire, ™ g 22" (Fi Ty T SRt) | (15)
stimaz 4

2) Subset B: Consider any pointr, 6;,z) in a cell in subsetB, the conditionh,,;, < H,,.. iS not

necessarily satisfied. Thus, we add another constraint bgidering only airborne vehicles havirgs 6;

2Hpmaz Re—D? —12 . . . .

above% as interference sources. For all airborne vehicles at coatel(r, 6;, z) only those
H _ZHWLawR D2 2 _2H77L(L(L'R D2 2

with phase#; € [—arccos 2DZ: i arccos 2DZ: LJFT] and h,,;, < 2z < H,,,, must be

considered. Hence, the interference to the desired batsensa from all the uniformly distributed users

in subsetB is:

P Np Rs @ Himax p2
IATGB = 777R2H E A / /}; Gz (7’, HZ-, z)ﬁrdrdﬁidz. (16)
S max i=1 — )

min
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—2Hmaz Rt +D,L2 +7'2
2D;r

where Ng is the total number of cells in subsé& and o = arccos< ) The integral in
Equation (16) has an interesting geometric interpretaflonsee that we plot an example of a 3D cell in

subsetB, in Figure 3. We use this geometric interpretation to furtiygproximate Equation (34).

Approximation 1: In any cell in the subseB, only airborne vehicles within the region limited by
0; € [-a,a] are considered as interference sources, whefe arccos (‘—m{“g:m) anda € [0, 7)
(see Figure 3).

Thus the interference contribution of elements in subsadt is approximated by:

P NB Rs a Hpaz p2
IATGB ~ 7’7‘(‘R2H E /0 /A /}; Gi(T, 62‘, Z)ﬁTde@idZ, (17)
S max i=1 — K3

min

By using Lemma 1 and after some mathematical manipulatibns;,, can be bounded by a lower and

an upper bound as follows:

Izl4TGB 5 IATGB 5 IXTGBv (18)

wherel4,, andI'; are defined as:

NP N 23 (1 Hyow R2 - R! 288); + 1 cos(2a) sin(2a) D R?
N 3 8in(20) D R? + % sin(23) D; R? ’ (29)
24 R}
Np 2 4
P H xR R
l o o~ max S _ S
IATGB = mZma}({O,Qa <Tz_ 9 ) — 2 (SRt)} (20)

i=1
and 3 = 2 arctan (%%gz tan %) We assumed in the development of Equations (19) and (20)3tha

arctan (gff; tan %) < arctan (gffﬁj tan%) and omnidirectional antenna&'(r, ¢;, z) = 1) at the base

stations. Also, the last two terms in Equation (19) can beligd since they are small. This gives the

approximation:

Np 2 4
u P 5 Hma:cRs ~ Rs
lires = Cpagr,— 2% (Fi - T) 2a (gat) - (21)
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3) Subset C: All cells in subset C do not interfere with the cell of intares.

Dividing by P and summing the contributions from all interfering cellse wonclude that the ATG

inter-cell interference ratio is approximated by:

Farg 2 Larg + Tares Lire, + Lirg,
ATC 2 S 2 ,

l l
farg 7 TArGatlarcs 22

The resulting values are very good approximations to the Aft€r-cell interference ratig 4, and yet
analytically tractable. Note that the ratfa is also known as the forward-link interference facfom
CDMA systems.
So far we derived approximated interference bounds for diredtional antennas, but for the following
study case, we consider sectorized antennas at the bdea.sté aim to illustrate how sectorized antennas
can affect the ATG inter-cell interference ratfa;o. Assuming that airborne vehicles are independently
and identically distributed throughout the service arba,tbtal inter-cell interference seen by aircrafts in
each sector is approximated by:

_darc, + [ATGB.

[~ (23)

where D is the directivity of the antenna [9]. In typical cellulal ranges between 3 dB to 10 dB.
As the antenna beam pattern is made more narfdwcreases, and the received interference decreases
proportionally. Assuming the intra-cell interference Isaadivided byD, the inter-cell interference ratio

/5o is hence unchanged:
fare = fara (24)

Sectorized antennas at the base station improve the capatitlid not impact the inter-cell interference

ratio farg.
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B. Ground to Air Link

The GTA link differs from the ATG link in that the power contris not employed. Indeed, the base
station transmits at maximum powé¥.. In a synchronous GTA link, an airborne vehicular expergsnc
interference from surrounding base stations. This interfee will degrade the capacity of the air-to-
ground systems. To analyze this problem, we model eachattiras an element of volume located at

(r,0;,z) in cell Y as illustrated by Figure 2. The power received from eachferiag base statiolX is:

Py = — x |a;|? x Gy(r,6;,2) x U(RLOS(2) — R;). (25)

R2
Note that, similarly to ATG link, we adjust the power recaivgy multiplying byU (RLOS(z) — R;) which
accounts for propagation up to RLOS only. The average ertenice contribution of all base stations in

the service area, at the airborne vehicle locatiad;, z) in cell Y, is

Iora = ZﬁE la;|2]Gi(r, 0;, 2)U(RLOS(z) — Z R2 (r,0;,z)U(RLOS(2) — R;),  (26)

=1

where NV is the total number of interfering base stations.

1) GTA Interference Analysis: As mentioned before, we consider 3D cells with the standasédgonal
cell layout on the earth’s surface. We divide all the cellghia service into different layers. The number
of cells and the cell distance for each layer are listed inlelfdkand illustrated by Figure 4. This cell
division allows us to use series summation in conjunctiothweome geometrical assumptions to derive
a compact form of the maximum interference contribution adrelayer. The interferenck;r4 can take

the following form

N
Igra = Z I,

Nl (27)
= ZZ Gk (r,6;, 2)U(RLOS(2) — Ry),
=1 k=1
where N, is the total number of layerd; is the interference contribution of layéand R, is the distance
from the aircraft to thek-th base station in laydr Using the specific distribution of base stations in the

same layer/; is derived as

601~
Py
Z RilGM r,0;, 2)U(RLOS(2) — Ryy) + Z 7 Gra(r, 0;, 2)U(RLOS(2) — Rys), (28)
k=1
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whereR?, = D? + 1%+ 2% — 2Dyr cos(0; + 6y1), Din = IV3R,, O = (k — 1)2%, Ry = D +r? 4+ 2% —
— s

2Dyor cos(0; + Or2), Dig = —V‘%(IEW\/ERS andf, = (k+ mod (k—1,1—1))%.

The interference contribution of layér /;, satisfies
l

[=)]

PTGk(T, 0;, Z)

= U(RLO - R
A ot D? + 12 + 22 — 2Dyr cos(6; + 6) ( S(z) %),
61
PTGk<T7 eia Z)

= Uz - hmzn )
i D? 412 + 22 — 2Dyr cos(0; + 6y) (2 ) 2
: 6l PrOutr .2 U(z—hL )
< D? 412 + 22 — 2Dyr cos(0; + 6) min)>

k=1

=]
=

/\”/M\

PrGy(r, 0;, 2) ) Ulz — X

k=1 Dl2 + 72— 2DlT COS(@Z' -+ ek) min)7

where R} = D} + r? + 2> — 2Dyrcos(0; + 6) and 6, = (k — 1)%=. In the development above, we

first replace the distancB;; and D;, by D, = min{D;;, D;»}. Secondly, using Equation (6), we replace

U(RLOS(z) — Ry,) by U(z — hpin) Where hy,, = D12+’”2_2];gf°s(9i+9’€). Thirdly, we replaceh,;, by

hl o Dl2+r2—2Dlr
min ~ 2R

< hnin. This assumption overestimates the interference, bedaoserestimates the
contribution of any base station in laykto interference by the sum of those of all base stations iarlay
[. Finally, we remove:? from the denominator.

The following Lemma 2 will be useful in the further mathencatidevelopments.

L 1
i=1 D24r2—2Dr cos(0+06;

Lemma 2: The sum)_ j for 0; = (i — 1)% satisfies

XL: 1 1 2LDE (DY — rk cos(L)) I
“— D? +r? — 2Drcos(6 + 0;) D2 — 2 | D2 4 2L — 2DLyL cos(LA) '

The proof is given in the Appendix.

The following observation now follows easily from the abdwemma 2.

L 1 L DL —|—T’L
g _ |
o = D2+ 712+ 22 —-2Drcos(0+6;) D?—r2\ DL —rl
Using this observation and assuming omnidirectional amsr(:(r,0;, z) = 1) at the base stations,
is upper bounded by

L <1, (30)
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where, with the help equation of (29); is defined as

" 6l DSt + 6 ;

(31)

This result proves that the maximum interference occursrvithe airborne vehiculafr, 0;, =) is located
at the axis specified b§; € {7, wheren is intege}, see Figure 4. Thus, the interference contribution of

all base stations in the service area can be upper-boundiedass

N,

Iora < Tgpy = > I (32)

=1

2) Outage Probability: Ignoring background noise, the signal to total interfeeer@nd noise ratio
SINR at the aircraft locationir, 6;, z) is

OPpp~?

SINR(r, 0;, z) ~ N
=11

(33)

wherep is the distance from the aircraft to the closet base statoisg the fraction of the total cell site
power devoted to the aircraft, 6;, z). The outage probability is defined as the probability that $iINR
of the desired airborne vehicular does not fall below a cemaality of service threshold. The outage

probability can then be expressed as

2 N
p )
Pr(SINR <0) =Pr —E I'>—. 34
( — ) <PTl:1 l—5> ( )

In order to compute the outage probability, we need to knosvdistribution of the SINR, which is a
random variable. Due to the complexity of the inter-cellenfiérence terms in Equation (26), it is not
possible to obtain an exact distribution. Instead, we witivide an upper bound that will enable us to
derive the performance of the GTA link. Presently, in therbture the Chernoff upper bound is usually
used when a tight bound on the tail probability is required.

The Chernoff upper bound on Equation (34) is

: ) 0 al "
PSINR <¢) < min exp(—sg) Er,z[exp(sP—T ; ] (35)

A closed form Chernoff bound is not possible to obtain beeanfsthe correlation of the interference

terms;*. We will hence use the following generalization of the Cau8ithwartz inequality
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Lemma 3: For all random variables(y, ..., Xy
E[X: x ... x Xy]? <E[XY] x...x E[XY],

where( is the smallest power-2 number greater thén

Using Lemma 3, we have
N,

&) p2 1/Q
PISINR < §) < min exp(—s—) 1T (Em[exp(sQP—TIl“)]) (36)

s>0
1

where@ is the smallest power-2 number greater tiégn We replace the expression bf . by H,.;, =

D?+R2-2D; R, <D§>'1+r6'l )
1

D61+Rgl . .
T e | by (D%f) andp? by 72 + H2 . Then, we integrate over andr to arrive at

RS

)(Bi(s AP e ) — (s AL phes )

2 . _ .
ET’,Z[eXp(SQz_T]lu)] S Hmin _|_ <Hmaw Hmzn) |:SA(D2_|_H2 R2 Dl

H’HL(L:L‘ RE Hrnaw maxr

— (D} — R%) exp(s AM) + D? exp(sAM) ,
(37)

where A = GZQg(,ﬁg& and E{z) = —ffz CXp Dat is the exponential integral function. By combining
Equations (36) and (37), we obtain a closed-form upper bairiie outage probability of GTA system.
The results obtained for the omnidirectional antennas carexiended to the sectorized scenario.
We considerspatial ergodicity and assume that the airborne vehicles are independentlydantcally
uniformly distributed throughout the service area. We datie the spatial ergodicity assumptions via
extensive simulations. We evaluate the interference nigalr by taking into account the beam pattern
(one sector, three sectors and six sectors). As expectednaiximum inter-cell interference occurs when

the airborne vehicles are located at the axis specifiej By{*", wheren is intege} and is approximated

by:

I*
T ~ GTA 38
( )GTA Dall ( )

whereD,; is the directivity of the sum of all sectors in the same baa#ast.

IV. NUMERICAL RESULTS

The ATG inter-cell interference ratiogur, are computed for different cell radi,. The inter-cell

interference ratios are obtained analytically and via msitee simulations. As mentioned before, we
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consider 3D cells with standard hexagonal cell layout onetlieh’s surface. The number of cells and the
cell distance for each layer are listed in Table I. In Figuse$ and 7, we present the results for the ATG
link with perfect power control and/,,.,, = 18.3 km. Figures 5 and 6 show that the bounds in Lemma 1
and the Approximation 1 are very tight. The analytical bauedl Equation (22), illustrated in Figure 7,
are also very close to the simulations especially for smailerate cell radius.

In addition, we compute the outage probability of the GTAtegs for R, = 50, 100, and 200 km. For
comparisons purpose, the exact Chernoff bound on/thge of Equation (26) is also obtained through
simulations. In Figure 8, we present the results with no pawatrol andH,,..., = 18.3 km. Upper bound
1 is derived by simulation of the right side of Inequality Y3®pper bound 2 is the analytical upper
bound of the outage probability (see Equations (36) and)(3®) can be seen in the figure, the analytical
results are close to the exact simulation of the Chernofhlddar operating point of interest(1%). The
analytical upper bounds are roughly% (1 dB) higher than the exact numerical values. We also observ
that the upper bound of the interferentg,, derived from Lemma 2 (illustrated by upper bound 1) is
tight especially for small/moderate cell radis. On the other hand, it can be seen that the Inequality
given in Lemma 3 is very tight particularly for higR, (by comparing the upper bound 2 to the upper

bound 1).

V. CONCLUSION

In this paper, we provided analytical bounds of inter-ceterference for ground to airborne cellular
communication systems assuming the standard 3D hexagelhallan and a line-of-sight channel with
no shadowing. We also provided simulation results dematisg that our bounds are very tight for all
practical scenarios of interest. These analytical resulty be useful to the network designer, allowing
an initial back of envelope calculation of the system perfance without the need for lengthy and costly

computer simulations.
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In this appendix, we prove Lemma 2. The s@le 2

APPENDIX

+T2—2D1rcos(9+9i) o (7/ - 1)2% satisfies

L L
1 1 D —rcos(60+6;)
= 2D —L 39
; D2+ 12 —2Drcos(0+0;) D?—r? ; D? + 12 —2Drcos(0 + 6;) (39)
Then, we exploit equation (671) of [10] to have
ZL: D —rcos(f + 6;) 7 DE=1(DE — rEcos(L0)) (40)
“—~ D? +1r? —2Drcos(0 + 6;) - T D2L 2L 2DLyL cos(L0)

The result follows by combining Equations (39) and (40).

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]

[10]
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Layer | Number of cells Cell distanceD;
! 6 Di1 = IV3R.
_A/3+(142(1-1))2
6(1—1) Dy = f\/ch
TABLE |

CDMA INTERFERING CELL DISTANCE

Subset A

Subset B

Subset C

Ry¢: 4/3 times the radius of the earth

Fig. 1. A cross-section view of the air-to-ground cellulgistem.

Fig. 2. lllustration of the air-to-ground cellular systeBD( view).
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Fig. 3. A 3D cell in subseB.

Fig. 4. The hexagonal cell layout on the earth’s surface.

—+— Upper bound
—— Lower bound

—— Exact

fATG: ATG inter—cell interference ratio

50 100 150 200 250 300 350 400
RS: radius of the cell in Km

Fig. 5. Analytical and exact (numerical) values of the iféeence factorfarc for ATG CDMA cellular (validation of Lemma 1).
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T T
—— Exact
—+— Approximation

. ATG inter—cell interference ratio

| | | | |
50 100 150 200 250 300 350 400
RS: radius of the cell in Km

Fig. 6. Analytical and exact (numerical) values of the ifeésence factorfare for ATG CDMA cellular (validation of Approximation 1).

T
—— Exact

—+—Upper bound
— Lower bound

. ATG inter—cell interference ratio

| | | | | |
50 100 150 200 250 300 350 400
RS: radius of the cell in Km

Fig. 7. Analytical and exact (numerical) values of the ifgsence factorfarc for ATG CDMA cellular (validation of the Equation (22)).
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Fig. 8. Analytical and exact (numerical) values of the oetggobability of GTA system: (aRs; = 50 km, (b) Rs = 100 km and (c)

Rs =200 km.



