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ABSTRACT

The TDMA-Iridium and the CDMA GlobaliStar are two of the main LEO satellite
systems. Since the trend is towards CDMA due to its valuable advantages, a version
of the TDMA-Iridium namely CDMA-Iridium is proposed. A comparison between
GlobalStar and the proposed system is performed concerning the signal- to-
interference ratio (SIR), the throughput of the Dense Traffic Satellite (DTS) and
Sparse Traffic Satellite (STS) are considered. Adaptive Transmit Permission Control
(ATPC) method is used to improve the throughput for both systems.
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I. INTRODUCTION

The LEO systems, while having the most important features of conventional
Geostationary satellite communication systems, such as wide coverage area, direct
radio path and flexibility of the network architecture, provide additional

Advantages for the global communication networks as small propagation delay and
loss and high elevation angle in high altitudes [1]. The SIR and the throughput
performance of Geostationary satellites are already existing in a lot of text books and
papers [2-6]. However the study of LEQ systems has two main difficulties: the
nonuniformity of the traffic and the dynamics of the system since the satellites are in
continuous motion with respect to the Earth station. These two problems wcre
investigated in [7,8]. It has also been recognized that CDMA offers random accass
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channel sharing with low delay, along with spread spectrum advantages such as
immunity to external interference and jamming...etc[9]. Thus one of the best
solutions to global personal communication network (PCN) is the use of COMA-LEO
satellites.

This paper follows the reported ideas in the previous mentioned paper to establish a
comparison between the GlobalStar and the proposed system namely CDMA-Iridium
system[10,11].

In section Il the mathematical model for traffic nonuniformity is introduced. In section
lll, the SIR for both systems is investigated, the effect of satellite position on the
traffic nonuniformity on SIR for these systems are discussed. In section IV, the traffic
assignment control method is applied. Section V compares their throughput. In
section VI, ATPC method is employed. Section VII, includes conclusions.

Il. THE SYSTEM MODEL

The two dimensional system model is shown in Fig.1. In this mode! [10], an area on
the Earth is represented by an arc. In this figure, we distinguish between the
coverage area of a satellite and the interference area of it. The coverage areais
specified by the minimum value of the elevalion angle, O, that an Earth station is
assumed to be able to access to the satellite while the interference area is
determined by the final line of sight of that satellite. The service area is defined as a
limited area within a coverage area where users can connect to the satellite. The
double coverage area is an area commonly iocated between two or more adjacent
coverage areas. It should be noted that if an earth station lies in the interference area
but out of the coverage area of a satellite, it would not be allowed to connect to that
satellite, but still its signal reaches that satellite as interference. In order to analyze
the influence of the nonuniformity in traffic, we focus on a series of three satellites
and their users. Assume that a total numbers of users, N,, are distributed randomly in
a given area, the size of which is equal to the service areas of three adjacent
satellites and their interference areas. For a LEO satellite system in which the
satellites have the altitude h (km), the geomelric interference limit for each of them is
determined by the following angle.

s, ] .R
B G

Were R is the average radius of the earth. The distribution of the users is assumed to
have the following function [8,10]:
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Where a is the relative location of a user, measured by the angle at the center of the
earth, o is the parameter representing uniformity in traffic; Ns is the number of
satellites in each orbit; and A is a factor that makes the total traffic load in the area
fixed and equal to N, when changing o or Ns , and equals to

3x/Ns 2 2
A=Nu/ | [exp(-a /207) o] dea (2)

-3z / Ns

B is the angular position of the i-th satellite. In this paper two LEQ systems are
considered, the GlobalStar located at a height of 1400 km, and contains 6 satellites
in each orbit, Bmn=5°, and a proposed system which will be located at a height of 800
km and contains 11 satellites in each orbit, Bmn=10°. The total number of users (N,)
is assumed to be 100 distributed in the area for both systems

The ratio of the traffic loads of two adjacent natural service areas, when the peak of
the traffic is located at the origin, as shown in Fig.2, is defined as:

x| Ns 3x / Ns
TR = jp(a)a'a/ [P(a)da (3)

-m [/ Ns n/ Ns

The traffic ratios for the two systems under consideration are shown in Fig.2. We see
that the traffic ratio for Ns=6 is larger than for Ns=11 for any o. For ©=0.5,  Ns=11,
the average number of users of DTS is equal to 45, the average number of users of
STS is equal to 25, the traffic ratio is nearly equal to 1.8. For ©=0.5, Ns =6, the
average number of users of DTS is equal to 70, the average number of users of STS
is equal to 15, the traffic ratio is nearly equal to 4.7, i.e the non-uniformity of the traffic
is more pronounced in the Globalstar case. Furthermore, the traffic ratio tends to
one, i.e approaches the uniform case atw equals approximately 1.5 and 2 for the
CDMA-Iridium and the Globalstar respectively.

lll SIGNAL-TO-INTERFERENCE RATIO(SIR)

Assuming that all satellites have the same designed power levels. The SIR of the ith
and (i+1)th can be written as:[5,12,13].

-1
x/Ng B
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Where i{a) represents the distance between the ith satellite and ihe Earth station at
the angular offset a.

Because in a LEO satellite system the satellites are on nongeostationay orbits, they
are in continuous motion, with relatively high ground speed. The changes in SIR
characteristics according to the travel of satellites are examined. In this analysis, we
assume that the satellites are on circular orbits which are usually used in LEO
satellite system constellations and simplify the control of the system considerably.
Fig.3 shows how the degree of traffic nonuniformity affects the performance of the
system in large traffic nonuniformity (i e, small w), there are large differences
between the signal qualities of the DTS and STS. We conclude that these differences
are larger for the GlobalStar than the CDMA-Iridium, since the traffic ratio is higher
for the first system. As o increases, i.e. approaching uniform traffic, the SIR for the
dense and sparse satellites is approximately the same.

An important point drawn from that figure is that for any of the two systems there are
large variations in signal quality at each sateliite when a nonuniform distribution of
users exists. This phenomenon may be acceptabie while the level of SIR is higher
than a threshold that ensures an acceptable error rate; however, it means that the
users of the communications system have to accept large tolerances in their service
quality performance, even during short periods of time, which is not good behavior for
a reliable communications system

Furthermore for small w ( i.e non-uniform case ) in case of DTS, SIR, for Ns=111s
better than Ns = 6, since the average number of users is smaller. However the
situation is reversed for the STS for the same reasoning. Fig.4 shows the changes of
SIRfor the DTS and STS for both systems as a function of the position of the ith
satellite. This figure supports the last two comments.

IV. TRAFFIC ASSIGNMENT CONTROL

In the previous sections, natural service area configuration was assumed, i.e, equal
receiving powers and equal service areas area required for all satelltes. That
configuration, although natural in the case of uniform traffic, no longer has merit
when the nonuniform distribution of users is involved. A method that can change the
size of service areas according to the offered traffic loads is proposed in [11]. In this
method, namely the modified power control (MPC), the designed receiving powers of
the satellites are not equal. The proposed method would control the size of service
areas according to their local traffic loads: that is, the service areas with lighter traffic
loads are expanded, and those with heavier traffic loads are decreased. The ratio of
the desired receiving power of the DTS to that of its neighbors on both sides is.

y=8/S81 =817 S (6)

Where S; S.s, Sis, are the designed receiving power level at the ith, (i+1)th, (i-1)th,
satellites respectively.
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Fig.5 shows that increasing y will improve the SIR performance of the DTS and
deteriarates the SIR of the STS. In general we prefer to work at the value of y that
maintain the same SIR for the two adjacent satellites. This value is 1.2 for the CDMA-
Iridium and 2.7 for the GlobalStar since we need to decrease the service area of the
DTS furthermore for the second system since the traffic ratio is higher.

V. THROUGHPUT RESULTS

In the case of LEO satellite systems with non-uniform traffic distribution, the expected
number of users and hence the composite packet arrival rate are different in each
service area. Thus, we normalize the throughput for each satellite (g nom) by the
expected number of users in its service area, E{Ni}. The normalized throughput for
the ith satellite, is given by:
E.
2]

é:t',rm.r'rrj=E_{1>E§ A=1,2,.. .. .

Where & is the expected number of successfully transmitted packets of the ith
satellite. Assume that ¢;is the number of successful transmissions for the ith satellite
among simultaneous m; packets transmitted from its service area when m; packets
are sent from its interference area. In that case [4],

Ns (3]

Plc,=e/p=mm,=mi=( " Jpioumii- p )" ¢ ®

Where P[A] define the occurrence probability of event A, and Pc; (n,m) is the
probability of success for a packet in the presence of n and m packets in the service
area and in the interference area of the ith satellite, respectively. The throughput for
this case is the expected number of successful transmissions to the ith satellite, is
given by

& (mmy) = E [cim,m; ] 9)

and it can be written in the form

. nj ni c ni -C
& @pm)= X o VP iam)|1-P ;niom) | (10)
¢ ) Gl C,1
c=0
The summation equals n;. Pe; (n,m), then,

&(m,my) = n. Pe;i(ni, my) (11)
To find the total throughput of the ith satellite, we should average for all possible
values of n; and m,. To calculate that average value, we also should consider the

probability of n,and m; packets from a total N, users. Hence, the throughput of the ith
satellite, & is the expected value of & (n,m)), that is,
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Where M, is the number of users in the interference area, and P [M; = M], is the
probability of M users in the interference area of the ith satellite, that is,
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where fim, M) is the distribution of the number of packets that are sent simultaneously
to the channel which is assumed to be binomial with parameters g and M. “q" is the
probability that each user sends a packet in each time slot. P[n=n/m=m]is the
conditional probability of n packets in the service area of the ith satellite when there is
information on existing m packets in the interference area of that satellite[15]. We will
define an important parameter in the throughput calculations namely, K(u), where u is
the average symbol energy to noise ratio at the satellite. This parameter denotes the
ratioc of power of interference to power of the desired signal at each satellite. Abass
[11] shows that K(p: )+1 denotes the possible number of simultanecus transmissions
to each satellite in the absence of the background noise interference. Thus we
named K(u.) multiple access capability. This is often used in the case of spread
spectrum systems, and it means that the transmission of a packet is successful if the
level of SNR is greater than the threshold .

In this section we evaluate the normalized throughput for both the CDMA-Iridium and
the GlobalStar systems for the DTS and STS.

Fig.6 shows the normalized throughput performances as a function of the total
offered traffic load, q.N, for DTS and STS for a relatively nonuniform traffic case,
{©=0.5) in which the average number of users of the DTS is about twice and five
times of the STS users, for Ns=11 and Ns=6 respectively. From the figure, two facts
can be pointed out: The first observation is the large difference in the performances
of the DTS and the STS in the presence of nonuniform traffic for large offered traffic
load for the same value of multiple access capability K(ue), since STS serves smaller
number of users. This difference is large in case of GlobalStar since its traffic ratio is
higher. For the same reason, the maximum GlobalStar DTS throughput occurs at
lower traffic load and drops from a value of 0.7 to 0.5 approximately. The second
observation is due to the large interference area compared with the service area,
Therefore, there is a large interference power from the users of DTS and the
performance of STS degrades if the multiple access capability is not so large
compared to the expected number of users. This result is shown in Fig.7 and Fig.8.
Note that the expected number of users in the service area of the STS is about one-
half of those in the service area of the DTS in case of Ns=11, while it is one-fifih in
case of Ns=6. The difference in performance of the DTS and STS becomes larger in



Proceedings of the 9" ASAT Conference, 8-10 May 2001 ~ Paper AV-07 741

case of Ns=6. Furthermore the expected number of users of STS for Ns=11is 25
while it is 15 for Ns=6.

Vi. ADAPTIVE TRANSMIT PERMISSION CONTROL (ATPC)

As shown in the preceding section, the probability of the packet success or capture
probability for a given packet decreases as the number of simultaneous
transmissions increases. In the ATPC method [16], the capture probability is
improved by avoiding the transmissions from the users with relatively high
propagation loss to their connecting satellites. These users, which are in the marginal
areas, give equal-power interference to the local satellite and high power interference
to the neighbor satellites and hence the elimination of their interference is of main
role in the performance improvement. By applying this method, the radius of the
service area of each satellite will be reduced by a factor p, where 0 sp<1. The
selection of p according to the change in the offered traffic load of individual satellites
is considered, the decision is not common for all satellites and is performed by each
one and is valid for that satellite merely. The statistics of the traffic load are used for
determining the optimum value for p. The optimum value for p in this method is the
value that makes the throughput of each satellite maximum. This makes the satellite
with lighter traffic loads select larger values for p. After this method is applied, the
service area of the satellite with the higher traffic load becomes smaller than that of
the satellite with the lighter traffic load. In this method we improve the throughput of
each satellite separately; hence, the method exhibits better total throughput at the
whole range of the offered traffic load. In other words, inthe ATPC method, we
assign a traffic load to each satellite near to the traffic level that can be serviced by
that satellite. This is the reason for its better performance. Let us compare the
performance of the system without the ATPC method with the ones employing ATPC
metheds. Fig.9 and 10 show that employing the adaptive method maintains good
performance at light offered traffic load by disabling the ATPC (i.e, selecting p=1) and
improves the throughput at higher offered traffic loads by gradually decreasing the
value of the p.

Vil. CONCLUSIONS

From the previous comparative study, we conclude that the non-uniformity of the
traffic is more in case of the GlobalStar than the proposed system (CDMA-Iridium).
The traffic ratio is 4.7 compared to 1.8. This leads to several conclusions. The first
one is larger difference in SIR between the DTS and STS in non-uniform traffic in
case of GlobalStar (6 dB compared to 2dB). The second one is that when applying
MPC, a higher ratio of y is needed in order to get the same SIR for DTS and STS.
The same conclusions were reached concerning the throughput. Thus the need for
TPC is more essential in case of the GlobalStar, since the discrepancy between the
SIR or throughput of the DTS and the STS is more pronounced.
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Fig.1. The System model
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Fig.2 Ratio of traffic in the service area of two adjacent satellites (the first one is over
the traffic peak)



Proceedings of the 9" ASAT Conference, 8-10 May 2001  Paper AV-07 745

12
13 atDTS
------ - atSTS
E 15
g -18
E
e -7
2
@
.18
19
-2
0.5 1 1.5 2 2.5 3 as 4 4.5 5
Measure in Uniformity in Traffic
Fig.3 SIR characteristics at DTS and STS, for Ns=11,6
10
at DTS
8} ——— atS8TS
E o
i
2
s
2
@

-11 1 -0.9-08-07-06-05-04-03-02-01 0 0.1 0.2 0.3 0.4 0506 07 08B 0% 1 11
Location of the i -th Satellite (radians )

Fig.4 Changes in SIR characteristics of two neighboring satellites as a function of
their angular locations, w=0.5



Proceedings of the 9 ASAT Conference, 8-10 May 2001  Paper AV-G7 746

-12 ’— == - == = =7
|

] —DTS

~eriSTS

Signal to the Intereference Ratio
b=y}
|
=
w
M
z
wn
&

1 - e mae

1 2 3 4 5 8 7 & e 10 11 12 13 14 15 16 17 18

Ratic of the Designed Recewving Powers

Fig.5 Changes in SIR characteristics at DTS and STS as a result of a change in the
ratio of the designed receiving power levels at the satellites, w=0.5

K(uc)=50 -
28 w=05 S
) /_T‘ Ns=11
s r_ \
f

i

i

/

hs=6

Ninaized Throughpt
o
b

c 10 20 30 40 5 ol L B8G G40 00
Offered Traffic Load. g Ny

Fig.6 Normalized throughput as a function of total traffic load



Proceedings of the 9" ASAT Conference, 8-10 May 2001

Paper AV-07 747

09 —_— DTS
— §T8
0.8 ‘_JT
07 K(p:)=30 f
g 06 T /
E o8 a
E i Ne=11
i E Y e
7~ -
2oa '_,’
a2 > o
A ~
01 /
o 4
[¢] 10 20 30 40 50 60 70 80 ] 100
Offered Traffic Load
Fig.7 Normalized throughput as a function of total traffic load
1
0.9 — D18
| Km)=10 — st
o w=0.5
0.7
H
506
g
£ o0s
g 04
B o N
P Y -
0.1
0 . =izess
2] 10 20 30 40 50 60 70 80 90 100
Offered Traffic Load

Fig.8 Normalized throughput as a function of total traffic load



Proceedings of the 9" ASAT Conference, 8-10 May 2001 Paper AV-07 748

K(pe)=30 With ATPG

e =0.5 = -
‘ bTS \‘

Wimalt ATPC =4

i o Ns=11

03

Ns=8

¢ o
@ 3

MNormalized Throughput
o
o

02

ot r

o ==
] 10 Fi 30 40 50 B0 10 80 80 100

Offered Traffic Load

Fig. 9 Effect of the ATPC on the throughput performance of the satellite over the
dense traffic area
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Fig. 10 Effect of the ATPC on the throughput performance of the satellite over the
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