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Basic Capacity Calculation Methods and
Benchmarking for MF-TDMA and MF-CDMA
Communication Satellites
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This paper introduces basic capacity calculation methods for circuit switched,
multiple-beam, low earth orbit (LEO) communication satellites that use MF-TDMA and
MF-CDMA schemes. Capacity means the number of simultaneous duplex channels that
a satellite can support. This paper integrates the bandwidth limit and the power limit on
capacity, and derives the equations by which the capacity of a MF-TDMA or a MF-CDMA
system can be calculated using key system parameters. Therefore, these methods enable
system designers to quickly estimate the communication system capacity when key system
parameters are known. The paper uses the Iridium and Globalstar for benchmarking by
comparing the results obtained from the methods with the 1,100 simultaneous channels
and 2,500 channels satellite capacity claimed respectively by Iridium and Globalstar.

Nomenclature

o Expected value of voice activity state

By Guard bandwidth

B Satellite frequency bandwidth

B TDMA carrier bandwidth
Transmission frequency or neighboring
cell interference factor

F ME-TDMA framing bits

Gy Transmitter gain
G, Receiver gain
k Boltzmann’s constant

K Cluster size
Li  Total loss in link budget

n Number of bits per time slot in
MF-TDMA
N, Number of simultaneous channels a

satellite supports in a cell
Ry TDMA carrier data rate in MF-TDMA or
channel information data rate in

MF-CDMA (b/s)

T Number of TDMA carriers in MF-TDMA
or CDMA carriers in MF-CDMA

Ty MF-TDMA time frame duration (second)

T, MF-TDMA guard time (second)

T System noise temperature

Z Number of cells in a satellite’s footprint
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1 Introduction

OW earth orbit (LEO) communication systems

are generally defined as the communication satel-
lite systems that orbit the Earth at an altitude of
500-1500 km and provide wireless communication be-
tween terminals on the ground. The system typi-
cally consists of multiple satellites forming a polar
or Walker constellation. Some of these systems have
inter-satellite links and on-board processing that al-
low transmission between neighboring satellites in the
constellation, while other systems act as ”bent pipes”
that simply ”bounce” the transmission between differ-
ent ground users.

User capacity of a LEO communication system is the
number of simultaneous duplex channels that the sys-
tem can support. To maintain multiple simultaneous
channels, two physical limits must be overcome: the
bandwidth limit and the power limit, of which two the
lower one will constrain the capacity. To overcome the
bandwidth limit, frequency-division multiple access
(FDMA), time-division multiple access (TDMA), or
code-division multiple access (CDMA) is implemented.
Based on these basic schemes, more sophisticated
multiple-frequency time-division multiple access (MF-
TDMA) and multiple-frequency code-division multiple
access (MF-CDMA) are applied to increase the satel-
lite capacity within a limited frequency bandwidth. To
overcome the power limit, higher transmitter power
and antennas with higher gain are used, as well as
more robust coding scheme.

This paper will first exam both the bandwidth limit
and power limit. Then for each of a MF-TDMA
and MF-CDMA satellite communication system, it
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attempts to integrate the two limits into one single
equation that gives the capacity of the system. At
the end, the results obtained from the equations will
be benchmarked against the real Iridium system and
Globalstar system.

2 Overview of the Bandwidth Limit

This section will exam the MF-TDMA and MF-
CDMA schemes. It is partially based on the work by
Lutz, Werner, and Jahn.?

Frequency Band Utilization

Let Ry denote the bit data rate of a digital sig-
nal per channel, and M denote the signal modulation
level. The receiver is assumed to use Nyquist filtering
to avoid inter-symbol interference (ISI), and 8 is the
filter roll-off factor, normally ranging from 0.2 to 0.5.
Then, the channel bandwidth required by the Nyquist-
filtered signal is

(1+B)Rs

By = +———— 1
4 log, M (n

where By, is in Hz and R in b/s.

FDMA Capacity

In the U.S., the frequency band for a system is
assigned by the Federal Communication Commission
(FCC). In FDMA, the assigned frequency band, B,, is
divided into channel bands of width B,,. This divi-
sion typically happens inside a radio cell and between
neighboring radio cells. We will discuss spot beams in
the Capacity When Using Spot Beams section. These
channel bands are separated from each other by guard
bands B, as illustrated in Figure 1. The number of
FDMA channels that can be supported, N, can be
calculated based on (1) as

BC 7BC 10g2M
Bt B, Ry 11081 logy, M- B,/R,

(2)

where Rp is the data rate per FDMA channel, and B,,
Ben, and By are in Hz.

— -G

__lChanneIl-_
band
assigned frequency band

Fig. 1
(FDMA)

Frequency Division Multiple Access

TDMA and MF-TDMA Capacity

In TDMA, access time is divided into frames, and
frames are again divided into time slots. A basic chan-
nel is formed by a particular time slot inside every
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frame. In the forward link (satellite-to-user downlink)
and return link (user-to-satellite uplink), usually the
same frame structure is used. In order to avoid si-
multaneous transmission and reception of a user, the
corresponding time slots for the forward and return
links are separated in time. The TDMA scheme is
illustrated in Figure 2.

—'I |-— Header _.I L_%L[lré\gd

M o M o M - M

= Time =
slot
[ time frame |

Fig. 2 Time Division Multiple Access (TDMA)

To find the number of TDMA channels, n, for a
given bandwidth, we first start with the frame dura-
tion, T, in seconds and the allowed burst rate for each
TDMA carrier Ry in b/s, then

ny = RyTy (3)

gives the number of bits within each frame. If the
duration of a time slot is Ty, in seconds, then n, the
number of bits per time slot, is

n = Rstlot (4)

If each time slot begins with a header of H bits for
the purpose of synchronization, and a guard time of
T, seconds is inserted between every two time slots,
then the relationship between R; and the number of
half duplex channels per frame N} 4 is
Ry = thiT " ]J\r[nT (5)
J —4Vhdig
where Rp is in b/s.
If we assume that instead of the header, a certain
number of framing bits F' are added at the beginning
of each frame, then (5) becomes

F+ Npgn

Ry — 24
* T Ty — NuT,

(6)

To find the number of TDMA channels for a given
burst rate, we solve (5) to get
RyT

Npg= —21
"MTH fnt RyT,

(7)

If framing bits are used, we solve (6) to get

 RIy - F

MY RyT,

The number of full duplex TDMA channels is

N = Npq/2 9)
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In MF-TDMA, multiple TDMA carriers at different
frequency channels are used to increase the total num-
ber of channels, as illustrated in Figure 3. In the
frequency domain, the bandwidth, Bp, occupied by
a TDMA carrier can be obtained from (1):

[ L (10)
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Fig. 3 Multiple Frequency - Time Division Mul-
tiple Access (MF-TDMA)

The carriers are separated by guard bands B,.
Therefore, the total bandwidth required to support T'
TDMA channels is

B =T(Br + By) (11)

The number of active duplex MF-TDMA channels for
bandwidth B can be evaluated using (8), (10), and
(11) as

1 B RIy-F
2By + Byn+t R,

Ng=T-N (12)

CDMA and MF-CDMA Capacity

Using a unique pseudorandom noise (PN) code,
CDMA transmitting station spreads the signal in a
bandwidth wider than actually needed. Each autho-
rized receiving station must have the identical PN code
to retrieve the information. Other channels may op-
erate simultaneously within the same frequency spec-
trum as long as different, orthogonal codes are used.

The long PN code is called a chip. The chip is mod-
ulated by the information data stream. The ratio of
the chip rate R, to the information data rate Rj is
called the processing gain G.

G==° (13

~—
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Because the CDMA carrier bandwidth By = R, pro-
cessing gain can also be expressed as

Br
= — 14
Rb (1)
Then, if E is the average bit energy of any channel’s
signal, the power spectral density of the transmit sig-

nal (energy per chip) is
EyRy/R. = E,)G (15)

By using the PN code, CDMA overcomes the band-
width limit. But there is still the problem of interfer-
ence between channels. To find the maximum number
of active channels allowed by the system, we do the
following derivation.

In typical CDMA technology, when speech pauses,
the transmit signal is switched off to save power. The
voice activity state of channel n is denoted a,, € {0; 1},
and the expected value E{a,} = a ~ 0.5. Let’s define
I; to be the mean value of the power spectral density
of the interference noise caused by other channels. Be-
cause there are N channels in total, there are N — 1
channels other than the channel under consideration.
Based on (15),

I; = a(N — 1)E,/G (16)

If Ng stands for the thermal noise of the system, then
the mean total noise power spectral density I, is the
sum of interference noise and thermal noise,

Lot = I+ No = o(N —1)Ey/JG+ Ny (17)

We can derive the number of total channels N from

(17) to be
() =(%) | os

If we assume the modulation uses BPSK or QPSK, and
the required bit error probability is py, we can express
the ratio of the bit energy to total noise power spectral
density Ep/I;o; as
I,

tot

G
N=1+—
(8%

— [erfc™ (2py)]” (19)

In real application, because convolutional coding is
used, the actual required value for Ep/I;, is lower
than what is given by (19). This will be covered in
the Convolutional Coding section. We can find E;/Ng
from the link budget equation. This will be covered
in the Overcome the Power Limit section. Combining
(14) and (18), we obtain the expression for the number

Of CDMA Chaﬂﬂels:
ltot -l \{]

N=1+4+=2L=
Jera
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In MF-CDMA, multiple CDMA carriers at different
frequencies are used to increase the number of chan-
nels. In the frequency spectrum, the carriers are sep-
arated by guard bands, B,. If T CDMA carriers are
used, the total required bandwidth is

B =T(Br+ By) =T(GRy + By) (21)
The total number of channels for bandwidth B will be
Ng=T-N (22)

Combining (20), (21), and (22), we get the following
expression that gives the total number of CDMA chan-
nels for the given frequency bandwidth B:

Ng = T-N=T+
B-TB,1 ([ E\ ' [(E)\ '
o <Itot> _<F0>
(23)

Rb 84

Capacity When Using Spot Beams

A LEO communication satellite typically concen-
trates its transmission power in multiple spot beams.
Each spot beam covers a cell on the ground, and all
the cells together form the footprint of the satellite.
The spot beam contour is usually defined by a 3-dB
decrease of antenna gain relative to the peak gain. The
usage of spot beams will offer two advantages: 1. Fo-
cusing transmitted power on a much smaller area than
the total coverage area of the satellite, spot beams in-
crease the transmitter gain and therefore improve the
link budget. 2. The reuse of frequency bands in differ-
ent cells improves bandwidth efficiency. We will focus
on the second advantage in this section and leave the
first to be discussed in the Overcome the Power Limit
section.

The number of frequency bands used in the cells of
a satellite is called cluster size, designated by K. For
FDMA and TDMA, typical values of the cluster size
are K = 4 or 7. For CDMA, a cluster size of K = 1
can be used because all channels can operate simulta-
neously within the same frequency band. The Iridium
system has totally 48 spot beams with a cluster size of
12, as illustrated in Figure 4.

Let A; be the service area, which is equal to the
area of the footprint. Let A, be the cell area, then the
number of cells is

7= AJA, (24)

Next we will look at how the capacities of MF-TDMA
and MF-CDMA are affected by the use of spot beams.

1. Capacity of MF-TDMA When Using Spot Beams:

If the bandwidth available for one satellite is Bggs,
then the cell bandwidth is

B. = Beat/K (25)
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Fig. 4 Spot beam pattern of an Iridium satellite

Replacing B in (12) with the expression for B, in (25),
we get number of channels per cell to be

1 Bsar RyTy—F
Ne=T -N=— I | (26)
2K By + By n+ BRIy
The number of channels per satellite is
7 Bgat RpTy—F
Nsat:Z'Nc: : bt (27)

2K Br + B, n+ RyT,

2. Capacity of MF-CDMA When Using Spot Beams:

In CDMA, we set cluster size K = 1 because all
the cells have an identical frequency band. Therefore
B, = Bsat. Based on (23), the number of channels
per cell is

Beot —TB, 1

N, = T+ :
Ry a(l+ f)

CRECN
Itot NO
And the capacity of the satellite is

Nyt = Z-N, (29)

where the factor (1 + f) represents the increase in in-
terference caused by the users in neighboring cells. A
lower bound value for f is 1.36.1

Capacity of the Entire Constellation

For a global coverage satellite constellation consist-
ing of S satellites, if the constellation is a Walker
constellation, then the total number of channels that
can be used at any time is simply

Ng = SNgat (30)

But if the constellation is of polar type, the overlap-
ping cells at the poles will reduce the total capacity
to

N, = 0.68SN,q (31)
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3 Overcoming the Power Limit

The power limit problem has been worked out in
numerous literatures, such as those by Larson and
Wertz? and by Gordon and Morgan.® The authors
takes the pain to reiterate it for a complete and con-
sistent derivation for the final capacity equations.

Link Budget

The link budget is important in estimating the ca-
pacity of a LEO communication satellite system. To
find physical parameters of the transmission such as
data rate or Ep/Ng, a series of factors must be ac-
counted for along the transmission path, including
transmitter power, transmitter gain, space loss, atmo-
sphere attenuation, system noise temperature, receiver
gain, and other losses. In this section, we will briefly
consider each of these factors.

Because the satellite power needs to be divided
among all simultaneous channels in the satellite-user
forward link, the satellite-user link is generally consid-
ered as the bottleneck of the network. Therefore we
consider the satellite-user link budget problem. First,
the transmitter power of a satellite needs to be di-
vided among all its cells. In the MF-TDMA scheme,
the power of each cell is further divided among all the
TDMA carriers. In MF-CDMA scheme, the power of
each cell is divided among all CDMA channels.

If the transmitter operates at frequency fgm, in
GHz, and D is either the diameter in meter of a
parabolic antenna transmitter or the side length of a
phased-array antenna, then the transmitter half power
beamwidth # in degree can be calculated as

21
fer.D
If n; is the transmitter efficiency, and 0, and 0, are
the beamwidths of a parabolic antenna on the major
and minor axes, or of a phased-array antenna on the

long side and short side, then the transmitter gain can
be estimated in dB as

Gy 4p ~ 46.9 + 10log(n,) — 10log(6,6,)  (33)

(32)

Let A be the signal wavelength in m, d be the path
length in m, ¢ be the speed of light, and f be the
transmission frequency in Hz. Space loss of the trans-
mission Ly is

Le = (A 47wd)? = (c/4mdf)’ (34)
In dB, LS dB is
L g = 147.55 — 201log d — 201og f (35)

Rain and atmosphere attenuation loss, L,, can be
calculated following a complex procedure listed in In-
ternational Telecommunication Union ITU-R Recom-
mendations.* Because it is not the purpose of this
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paper, the procedure is omitted. We will just approx-
imate the atmosphere loss to be -0.2dB.

The gain of the receiver antenna can be obtained in
the same way as the gain of the transmitter antenna.
But in practice, the antennas of the user terminals
of Iridium and Globalstar are of the omni-directional
type, with a theoretical gain of 1 (0 dB).

System noise temperatures in satellite communica-
tion links in clear weather have been estimated.? The
results are listed in Figure 5.

Frequency (GHz)
Downlink Crosslink Uplink
0.2 2-12 20 60 0.2-20 40
Noise
(dB-K) 257 274 28.6 325 31.1 326

Fig. 5 Typical System Noise Temperatures, Ts, in
Satellite Communication Links in Clear Weather

Next we consider other possible losses along the link.
The line loss between transmitter and antenna in dB
is represented by L; 4p, with a typical value of -1 dB.
The pointing offset loss of the transmitter in dB is
estimated as

Lojpset ap ¢ = —12(e¢/0,)* (36)

where e; is the transmitter pointing error, and 6; is
the transmitter antenna beamwidth. For a phased-
array antenna utilizing spot beams, the pointing offset
loss is negligible.

Polarization mismatch, Lysq,, adds about -0.3 dB
to the link budget, and a loss caused by a radome,
Lyqq, approximates -1 dB. If we also include an imple-
mentation 1oss, Ly ap, of -1 dB, then the total loss
along the path (< 0) is

Ligg + Loffset aB + Ls aB
+La dB T Lpola,r dB (37)
+Lyad dB + Limp dB

Liot ap =

Besides the losses mentioned above, the signal atten-
uates due to two additional reasons: shadowing and
multipath fading. Shadowing is caused by obstacles
in the path that blocks the transmission, for example,
terrains, buildings, and natural plantations. Multi-
path fading is caused by the interference of the echoes
that the signal reflects off the environment. To com-
pensate these losses, some extra budget must be given
to the link, and this extra budget is called the link
margin. For example, the Iridium downlink has a re-
quired link margin of 16dB.

After the power, aperture gains, losses, system noise,
and margin are defined, the link budget equation be-
comes a trade-off between the transmission data rate
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R4p and energy per bit to noise ratio Ep/No. The link
budget equation, in defining E}/No, is

Ey/Noyg = Powergp + Gt ap + Gy aB

~kgp —Ts 4p — Bap + Liot aB
—margin
(3)
where Ey,/No gp isin dBs 1, Rgp in dBb/s, and k, the
Boltzmann constant, is 1.38 - 107 *Ws/K = —288.6
dBWs/K.

Convolutional Coding

Redundancy coded into transmitted information re-
duces the transmit power required for a specific bit
error probability. This reduction process has two im-
portant parameters, code rate r and constraint length
K. Code rate r is defined by the ratio between the
original information bits k and the coded content bits

n,

R.=k/n. (39)
The bit energy to the mean total noise power spectral
density ratio Ey, /I, corresponding to several bit error
probabilities, py, for soft-decision Viterbi decoding are
listed in Figure 6.5

Ely R=173 R=172 R.=2/3 R.=3/4
Py uncoded

@) | K7 K8 [ k=5 k=6 k=7 | k=6 k=8 | k=8 K=o
10°] 68 | 42 44 | 33 35 38 | 20 31 | 26 26
105| o8 | 57 59 | 43 46 51 | 42 46 | 35 42
07| 113 | 62 65 | 49 53 58 | 47 52 | 39 48
. . . 1

Fig. 6 Coding Gain FE,/No(dB-b"") for Soft-

Decision Viterbi Decoding, QPSK

4 Combining Bandwidth Limit And
Power Limit
With the previous two sections paving the way, in
this section we will integrate the power limit and band-
width limit into one single equation.

MF-TDMA

For MF-TDMA, equation (37) can also be written
as

Rgp = Powergp+ Giap + Gy 4aB

—kap —Ts aB — Ev/Noyp + Ltot aB
—margin

(40)
Notice that if Powerypg is the power per TDMA car-
rier, then Ryp is the data rate of each TDMA carrier.
Substituting for R in (26) with the Ryp in (38) (af-
ter Ryp converted to unit in b/s), equation (26) will
give the number of channels per cell. For the same rea-
son, equation (27) will give the number of channels per

satellite, taking into account both the available power
and bandwidth.
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MF-CDMA

In MF-CDMA, the transmitter power of the satellite
is divided among all cells, and the power in a cell is
further divided among all CDMA channels in the cell.
If Power ey is the transmitter power per cell and N,
is the number of channels per cell, the link budget of
a CDMA downlink becomes

Ey/Nogg = (Powercen/Ne)ap + Gt ap
+Gyr ap —kap —Ts aB (41)

—Rap + Lot ap — margin

If we use original units instead of decibel units, equa-
tion (40) can be re-written as

POU)@TCBH : Gt : GT : Ltot
N.-k-Ts - R-margin

Ey/No = (42)

To find the cell capacity, we substitute (42) into (28)
and solve for N,. We get

Bsa,t —-TB 1 Itot
NC - T+ g
o e
Byt —T'B 1
{1 S g : (43)
Ry a(l+f)
k-T,-R-margin }

POU)@TCBH : Gt : GT : Ltot

The capacity of the satellite follows as Nyq = Z - N,.

5 Benchmarking Against Existing
Systems

In order to verify predictive accuracies of the capac-
ity equations developed above, we benchmark them
against the existing systems of Iridium and Globalstar.
To do so, we find public available data on the design
parameters of these two systems, and substitute them
into the equations. A comparison between the results
from these equations and the capacities claimed by the
companies will suggest how accurate these equations
are.

Benchmarking MF-TDMA against Iridium

Built and launched by Motorola, and now owned
and operated by Iridium LLC, Iridium is one of the
first generation global LEO systems for telephony.
Iridium constellation consists of 66 satellites orbiting
at an altitude of 780km. The constellation type is po-
lar, with 6 orbital planes at an inclination of 86.4°.
Iridium is chosen for the benchmarking because it is
the most mature LEO communication system that
uses MF-TDMA technology. Iridium’s key technical
specifications are known from various sources. They
are listed in Figure 7. Note that the right column pro-
vides more updated information than the left column.
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The difference is due to the fact that the FCC assigned
only half of the requested frequency band to Iridium.

Because the gain of the Iridium antenna in an edge
cell is given,® we will use the edge cells to estimate the
channel capacity per cell, and multiply this cell capac-
ity with the number of cells to get the capacity of a
satellite. The beamwidth of the edge cell spot beam is
about 13.4°, estimated based on the transmitter gain
in that cell. Using the beamwidth, minimum eleva-
tion angle, and orbital altitude, the distance from the
satellite to the center of the edge cell is calculated to
be 1606.9km. The calculation of the distance, d, is
based on basic planar geometry.

According to (35), the space loss is

147.55 — 20log d — 201log f

—  147.55dB — 201og(1.6069 - 10°m)
—2010g(1.6239 - 10°H z) (44)

= —160.78dB

L; gB

The total loss along the path, as in (36), is

Ligp + Logset aB + Ls aB
+Lg aB + Lpotar dB + Lrad 4B
+Limp aB

= —1dB — 0dB — 160.78dB
—-0.2dB —0.3dB — 1dB — 1dB

= —164.28dB

Liot ap =

(45)

As listed in Figure 7,77 for the Iridium system the
convolutional coding code rate is R,=3/4, and the con-
straint length is K=6. In order to achieve a bit error
probability of p, = 1072, E, /I, must be 2.6dB-b~!
according to Figure 6.

As mentioned above, the gain of Iridium and Global-
star’s omni-directional user terminal antenna is 0dB.
The transmitter power is first distributed among 48
cells, and then distributed again among the 10 TDMA
carriers in the cell. Tsqp = 25.7dBK according to Fig-
ure 5. With all the other variables known, equation
(40) gives the TDMA carrier data rate as

Powergp TDMA—carrier + Gt 4B

+Gy 4B —kap —Ts 4B

—Ey/Noyg + Liot ap — margin

— 10-10g(400/48/10)W + 24.3dB

10dB + 228.6dBW (Hz - K) (46)
—25.7dBK —2.6dB —b!

—164.28dB — 16dB

— 4353dB —b/s

Rgp =
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Initial Design Final Design
Data’ Data'
Satellite to user frequency (GHz) 1.6239
Link BER 0.001
Convolutional code rate R Y
Convolutional constraint length K [
TDMA frame length T (ms) 90 90
Burst data rate Ry (bps) 50,000 50,000
Duplex channel data rate (bps) 4,800 1,600
# of time slots per frame 8
E # of TDMA duplex channels 4
1;’1 Time slot length (ms) .04
Time slot bits n (bits) 432 114
Framing length (ms) 17.28
Framing bits F (bits) 804
Guard length, GL (ms) 0.30
Satellite bandwidth B _, (MHz) 10.5 5.15
F | # of FDMA channels 240 120
ﬁ Channel bandwidth B (KHz) 41.07 41.07
A | Guard bandwidth B, (KHz) 2(241 1.236 (121
guard bands) guard bands)
# of cells per satellite Z 48 48
Cluster size K 12 12
Modulation scheme QPSK QPSK
# of FDMA channels per cell 20 10
# of MF-TDMA channels per cell N, 4x20=80 1x10=40
# of MF-TDMA channels 80x48=3,840 10x48=1,920
per satellite N,

Fig. 7 Technical Specification of Iridium from var-
ious references

Then R = 22.532 kb/s. Substitute this value in (27),

Noat = Z- N,
Z Bex RIy—F
"~ 2K Br+Byn+t R,
48 5150k H 2

2% 12 41.67kHz + 1.236kHz

— 17.28ms
22542b/s - 90 x 10735 . (1 — 1L.28ms)

3.5 ms
414b - (1 + 50-17.25- 36 %)
= 904

(47)
The actual Iridium system’s number of channels is
quoted as being power-limited to 1,100." The esti-
mated capacity is 196 channels, or about 16.3% lower
than the reported capacity.

Benchmarking MF-CDMA against Globalstar

A joint effort of Loral Space Systems, Alcatel, and
QUALCOMM, Globalstar is another of the first gener-
ation global LEO systems for mobile communications.
The system consists of 48 satellites, spread over eight
orbital planes with six satellites per plane. The con-
stellation type is a 48/8/1 Walker constellation. The
orbits are at an altitude of 1,389km and incline at 52°.
Globalstar is probably the most mature commercial
MF-CDMA LEO satellite communication system at
present time. Its communication parameters are listed
in Figure 8.1 The right column has more updated in-
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formation than the left column as the FCC assigned
only a portion of the requested frequency band to
Globalstar. But because the 2,500 reported capacity
is based on the original frequency band, for the pur-
pose of benchmarking, we will use the data in the left
column for our calculations.

Initial Design Final Design

Data! Data!
Channel data rate R , (bps) 9,600 9,600
Full user link bandwidth B _, (MHz) 16.5 1135
CDMA carrier bandwidth B  (MHz) 1.23 1.23
Bit error probability p, 0.01 0.01
E /N, (I/bit) 4.1072 4.1072
# of CDMA carriers T 13 9
# of cells per satellite Z 16 16
Modulation scheme QPSK. QPSK.
# of channels per satellite N . 2,500

Fig. 8 Technical Specification of Globalstar from
various references

The distance from the satellite to the center of the
edge cell is calculated to be 1943.9km. The space loss
can be obtained from (35) as

147.55 — 20log d — 201log f

—  147.55dB — 201og(1.9439 - 10°m)
—2010g(2.4918 - 10°H z)

= —166.15dB

L, 4B

(48)

The total loss along the path is

Ligp + Lojfset dB + Ls aB + Lqg aB
+Lpotar dB + Lrad dB + Limp dB

= —1dB —0dB — 166.15dB — 0.2dB
—0.3dB —1dB — 1dB

= —169.65dB

Liot ap =

(49)

After converting from decibel, L;,; = 1.0839x10717.
The Ey /1. required can be obtained from the rules of
convolutional coding. With R, = 1/2 and K =9, the
satellite to user transmission with a bit error rate of
0.01 requires an Ey, /I, of 1.18dB—b~1, or 1.3122b71.

According to the data in Figure 8, Globalstar’s
power per cell is

Power e = 380W/16 = 23.75W (50)
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To find some of the other values in (43), we have

Bet —TB, 1
Ry a(l+ f)
BepannetT 1
Ry ol+f) (51)
1.23 x 10°Hz - 13 1
24006/s  0.5(1 1 1.36)
= 5646.19p71

Because the downlink frequency of Globalstar is at
about 2.5GHz, the system noise Ty4p is at 27.4 dB-
K as shown in Figure 5, or Ty at 549.54K. The link
margin of Globalstar is about 6dB on average, there-
fore

N, =

Beot —TB 1 I
{T‘f’ t g tt}/

Ry a(l+ f) Eb
Boyt —TB 1
oo
Ry a(l+ f)
k-Ts - R-margin
POU)@TCBH : Gt : GT : Ltot

1.38 x 107 BWs/K x 549.54K x 2400b x 1096

23.75W x 50.12 x 1 x 1.0839 x 10—17
= 0.005616b
(52)
Plugging the values into (43), we obtain

Beat = TBy, 1 Iy
B o1 7) B’

13+ 5646.19b~ 1 /1.3122b ! (53)

1+ 5646.196—1 - 0.005616b

= 131.95 ~ 132

N, = |T+

Negt = Z - N, =16 x 132 = 2112 (54)

The Globalstar system claims to have a capacity
of 2,500 simultaneous channels at the original design
point.! The value estimated here is 388 channels, or
15.52% lower than this claimed value.

6 Summary

The method proposed above for capacity estimation
of MF-TDMA and MF-CDMA satellite communica-
tion systems are accurate within 15-16% of reported
actual capacities. The merit of this method lies in its
simplicity. With the key design parameters known,
both the bandwidth limit and power limit are inte-
grated into a single equation that yields the number
of simultaneous channels the system can support. A
program coded from the equation can be a useful tool
for doing system-level studies. Typically, this kind of
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study requires the exploration of a large number of
conceptually similar but parametrically different de-
signs. A quick way to estimate the capacity of these de-
signs is necessary, otherwise the effort required would
inhibit searching a broad design space in a limited time
budget. The method answers this necessity. A LEO
satellite communication simulator incorporating this
method has been used by the authors at MIT for qual-
itative assessment of technology infusion in satellite
communication constellation architectures.?
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