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Abstract—This paper presents the designs for new multi-
layer open systems interconnect protocols that improve
Internet data transmission within a hybrid communication
network consisting of a geo-stationary earth orbit satellite
and a terrestrial channel. These new designs span the
transport, network, and data-link open systems interconnect
layers and decrease the time required to transmit large data
sets over a hybrid communication network compared to the
Transmission Control Protocol variant Reno and frequency
divison multiplexing over a geo-stationary earth orbit
satellite. This paper outlines the functional details for these
news designs, provides simulated data transmission
performance characteristics for all designs, and concludes
with justifications for and benefits related to our research. ?
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1. INTRODUCTION

The increases in transmission time and decreases in channel
utilization that occur when the Transmission Control
Protocol (TCP) is used to transmit data sets over geo-
stationary earth orbit (GEO) satellites are well understood
[1]. Figure 1 represents a frequency division multiplexing
(FDM) enabled GEO satellite channel configured with two
or more earth stations, providing Internet service to two or
more locales, each supporting one or more hosts. Large data
set transmission performance within this near-earth data
communication network is poor due to the inherent
characteristics of TCP and the GEO satellites large
transmission delay [1].
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In this paper we present the designs for new multi-layer
open systems interconnect (OSl) transport layer protocols, a
new network layer routing strategy, and a new data link
layer medium access control (MAC) algorithm that improve
near-earth Internet data transmission.  Through ns-2
simulations, the performance (i.e. transmission time and
channel utilization) achieved by these designs is shown to
decrease the time required to transmit large data sets over a
hybrid communication network that includes a GEO satellite
and two or more terrestrial channels, compared to TCP Reno
and FDM over a GEO satellite.

The research presented in this paper assumes the GEO
satellite to be a bent-pipe, or a data repeating relay [3],
capable of FDM data transmissions. All simulations
discussed in this paper were executed using the ns-2
simulator [12] and the following conditions were assumed
with regards to the GEO satellite; no buffering delays exist
and only random errors occur during transmission.

Figure 1

The outline for this paper follows. Section 2 presents the
performance characteristics that result when transmitting
large data sets over a GEO satellite using TCP Reno.
Section 3 discusses our OSI transport layer protocol that
uses a multiple segment transmission with majority decoding
algorithm and presents associated data transmission
performance characteristics.  Our OSl| network layer



datagram size routing algorithm and its simulated
performance when transmitting data sets are introduced in
Section 4. Section 5 presents the designs for our OSI data-
link layer MAC large dot time token bus algorithm and its
associated performance characteristics for data set
transmission. Section 6 summarizes the importance of the
research presented in this paper with regards to near-earth
Internet data transmission, discusses the significance of this
research, and outlines future research paths.

2. LARGE DATA SET TRANSMISSION

Wiedemeier and Tyrer [14] simulated the transmission of
large data sets (LDST, e.g. >= 20 megabytes (MB)) over
GEO satellites using TCP Reno and identified the associated
performance characteristics when TCP Reno’s maximum
window size and segment size were varied. While TCP
Reno was but one of six TCP variants simulated, it was
chosen for the research conducted in [14], [15], and
discussed in this paper because it is the minimum benchmark
for and the de-facto implementation of TCP [4] [9].

LDST Smulation Methods

For the research conducted in [14], two groups of
simulations were executed to obtain performance
characteristics for large data set transmissions.  All
simulations transmitted data sets over a theoretical GEO
satellite that exhibited a 155.520 megabits per second
(Mbps) transmission rate and a 280 millisecond (ms)
transmission delay. See Figure 2. The first simulation
group transmitted various size data sets over a GEO satellite
when the bit error rate was zero. The second simulation
group transmitted a 20 MB data set over a GEO satellite
when the bit error rate was varied. During al simulations,
TCP Reno’'s maximum window size and the segment size
were varied. The reader is referred to [14, Section 2] for a
detailed discussion about these simulations.

Figure 2

LDST Smulation Results

The datain Figure 3 show the channel utilization, in percent,
achieved by TCP Reno when transmitting various data set
sizes over a GEO satellite with a zero bit error rate and

varied maximum window sizes and segment sizes. We see
that data sets larger than 2 MB are transmitted with greater
channel utilization (i.e. less transmission time) over a GEO
satellite with a zero bit error rate when TCP Reno is
configured to use an 8 MB maximum window.

The data set size value 120 MB represents where the
window size and segment size configurations [MWS=8MB,
SS= 8MB] and [MWS=8MB and SS=512B] approximately
cross. These plots cross because TCP Reno initialy
requires considerable time to achieve a fully open
congestion window using a 512 byte (B) segment size.
However, once TCP Reno’s congestion window is fully
open, a 512 B segment size achieves greater channel
utilization compared to an 8 MB segment size.

Figure 3

Figure 4

The datain Figure 4 show the channel utilization, in percent,
achieved by TCP Reno when transmitting a 20 MB data set
over a GEO satellite with varied bit error rates and varied
maximum window sizes and segment sizes. Overall, we see
that larger TCP segment sizes are corrupt with higher
probability as the GEO satellite’s bit error rate increases.



Specifically, channel utilization degrades when the bit error
rate is greater than or equal to 1.0e-05. Additionaly, the
advantage obtained in using an 8 MB segment size to
transmit data over a GEO satellite with a zero bit error rate
(see Figure 3) disappears when the GEO satellite’s bit error
rate increases.

The data in Figures 3 and 4 demonstrate that use of
maximum window sizes greater than or equal to 64 kilobytes
(KB) and segment sizes greater than or egual to 512 B
decrease TCP Reno’s time to transmit data over a GEO
satellite that exhibits a zero bit error rate. However,
transmission time increases when the bit error rate increases,
regardless of maximum window size or segment size used.

While use of a 64 KB maximum window size and a 512 B
segment size helps decrease TCP Reno's data set
transmission times over a GEO satellite’s when the bit error
is high (e.g. > 1.0e-06), the overall data transmission
performance remains poor. Wiedemeier and Tyrer used this
important characteristic to create the new OSl transport
layer protocol designs discussed in Section 3.

3. MULTIPLE SEGMENT TRANSMISSION WITH

MAJORITY DECODING

Wiedemeier and Tyrer [13] created the designs for three
OSl transport layer protocols that transmit large data sets
using multiple segment transmission and majority decoding
(MST/MD) agorithms. These three OSl transport layer
protocol designs are named Connection-Oriented Columbia
verson 1.0 (COCvl), Connection-Oriented Columbia
version 2.0 (COCv2), and Connection-Less Columbia
version 1.0 (CLCv1). Wiedemeier and Tyrer then simulated
the transmission of data sets using TCP Reno, COCvl,
COCv2, and CLCv1. The resulting data, discussed later in
this section, demonstrate that these new designs can be used
as dternatives to TCP Reno when transmitting large data
sets over a GEO satellite.

The Multiple Segment Transmission Algorithm

The multiple segment transmission algorithm designed by
Wiedemeier and Tyrer and used by COCvl, COCv2, and
CLCv1 transmits a transport layer segment z times, where z
is an odd positive natural number. The n-bit segments are
transmitted multiple times by a source earth station so the
destination earth station can determine, using the majority
decoding algorithm, the original segment transmitted. The
number of times a segment is transmitted is based on the
size of the segment and the probability that all multiply
transmitted segments are correctly received at the
destination. The reader is referred to [13, Section 4] for a
detailed discussion about the multiple segment transmission
algorithm used by COCv1, COCv2, and CLCv1.

The Majority Decoding Algorithm

The mgjority decoding algorithm designed by Wiedemeier
and Tyrer and used by COCvl, COCv2, and CLCvl
inspects and compares each bit in all multiply transmitted
segments. Figure 5A shows an example where the majority
decoding algorithm evaluates all 0™ position bits associated
with seven (i.e. z=7) 8-bit segments. Figure 5B shows an
evauation of al 1% position bits. Again, the reader is
referred to [13, Section 4] for adetailed discussion about the
majority decoding algorithm used by COCv1, COCv2, and
CLCv1.

Figure 5

MST/MD Smulation Methods

Through simulation, the data transmission performance
characteristics achieved by COCv1, COCv2, and CLCv2
were obtained. Two simulation groups, similar to those
discussed in Section 2, were executed. Both groups
transmitted data sets over the network topology shown in
Figure 2. For all simulations discussed in this section, TCP
Reno’s maximum window size was set to 64 KB and it's
segment size was set to 512 B. Additionally, the maximum
window size and the segment size used by COCv1, COCv2,
and CLCv1 were set to 8 MB.

Figure 6

To permit 8 MB segment transmissions, each simulated
earth station was configured to (1) use split protocols, (2)



perform file spoofing, (3) perform error correction at the
OSl transport layer, and (4) use IPv6 Jumbograms at the
OSl network layer. Figure 6 shows these configurations.
Specifically, these configurations allow an earth station to
appear as the destination to the source, and likewise appear
as the source to the destination.

MST/MD Smulation Results

The datain Figure 7 show the channel utilization, in percent,
achieved by COCv1, COCv2, CLCv1, and TCP Reno when
transmitting various data set sizes over a GEO satellite with
a zero bit error rate. The datain Figure 7 specifically show
that COCvl, COCv2, and CLCvl increase channel
utilization (i.e. decrease transmission time) compared to
TCP Reno for large data sets (i.e. >= 2 MB). We see that
COCv2 achieves greater channel utilizations than COCv1,
CLCv2, and TCP Reno for data set sizes greater than or
equal to 2 MB.

Figure 7

Figure 8

The datain Figure 8 show the channel utilization, in percent,
achieved by COCv1, COCv2, CLCv1, and TCP Reno when

transmitting a 20 MB data set over a GEO satellite with
varied bit error rates. We see that COCvl, COCv2, and
CLCvl increase channel utilization (i.e. decrease
transmission time) compared to TCP Reno when the GEO
satellite’s bit error rate increases. Specifically, COCv1 and
COCv2 transmit a 20 MB data set with a 99% better channel
utilization compared to TCP Reno when the GEO satellite’'s
bit error rate is 1.0e-04. CLCv1 exhibits even better channel
utilizations for GEO satellite bit error rates greater than or
equal to 1.0e-06.

When compared to TCP Reno, Wiedemeier and Tyrer's
simulated COCv1, COCv2, and CLCv1l protocol designs
transmit data sets greater than or equal to 2 MB over a GEO
satellite with a zero bit error rate in less time. Further,
COCv2 transmits a 20 MB data set with greater channel
utilization over a GEO satellite with a 1.0e-07 or better bit
error rate versus COCv1, CLCv1, and TCP Reno. However,
CLCv1 transmits a 20 MB data set with greater channel
utilization for a 1.0e-06 bit or worse bit error rate. Thus,
COCv2 and CLCv1 can be used to transmit large data sets
when the GEO satellite’s bit error rate is greater than and
less than 1.0e-07 respectively.

4. DATAGRAM SIZE ROUTING

As shown in Figure 1, and discussed in Sections 2 and 3,
both data and acknowledgement segments share the GEO
satellite channel during transmission. Specifically, 8 MB
MST/MD data segments and 40 B acknowledgement
segments [9, 10, & 11] traverse the same channel. This
arrangement ultimately decreases channel utilization.

Figure 9

To ameliorate this problem, we created the designs for a
new OS| network layer datagram size routing (DGSR)
algorithm that transmits datagrams across a hybrid network
consisting of a GEO satellite and a terrestrial link. See
Figure 9. Our DGSR algorithm uses datagram size as the
metric when routing a network layer datagram across either
the GEO satellite link or the terrestria link within the hybrid



network. When the hybrid network is used, our DGSR
algorithm transmits 8 MB MST/MD segments across the
GEO satellite and 40 B acknowledgement segments across
the terrestrial link.

DGSR Smulation Methods

We simulated the transmission of data sets using COCv1,
COCv2, and CLCvl in combination with the DGSR
algorithm and compared their data transmission performance
against TCP Reno and FDM over a GEO satellite. Similar
to the simulations discussed in Sections 2 and 3, two groups
of simulations were executed. Both used the network
topology shown in Figure 10. With regards to the
simulations discussed later in this section and in Section 5,
those that used the GEO satellite are represented by the
acronym GEOS+, and the acronym Hybrid+ represents those
that used the hybrid network.

Figure 10

DGSR Smulation Results

The data in Figure 11 show the transmission time, in
seconds, achieved by Hybrid+COCv2+DGSR,
GEOS+COCv2, and GEOS+TCPReno for varied data set
sizes. The transmission times achieved by TCP Reno for
data set sizes 20 MB and 200 MB were 183.6899 seconds
and 1796.5776 seconds respectively. We see that
Hybrid+COCv2+DGSR, and GEOS+COCv2 decrease large
data set transmission time (i.e. an increase in channel
utilization) compared to TCP Reno over GEO satellites.
Specifically, COCv2 and DGSR combined (i.e.
Hybrid+COCv2+DGSR) decrease the time required to
transmit a 1 KB data set over a hybrid network by 31.9%
compared to TCP Reno over a GEO satellite (i.e.
GEOS+TCPReno). The time required by COCv2 and
DGSR to transmit a 200 MB data set over a hybrid network
decreased by 98.8%.

The data in Figure 12 show the transmission time, in
seconds, achieved by Hybrid+COCv2+DGSR,

5

GEOS+COCv2, and GEOS+TCPReno for varied bit error
rates. The transmission times achieved by TCP Reno for bit
error rates 1.0e-05 and 1.0e-04 were 1462.5469 seconds and
6110.4116 seconds respectively. We specifically see that
that Hybrid+COCv2+DGSR, and GEOS+COCVv2 decrease
data set transmission time (i.e. an increase in channel
utilization) compared to TCP Reno over GEO satellites
when the bit error rate increases. We see that COCv2 and
DGSR decreases by 99.4% the time to transmit a 20 MB
data set over a hybrid network compared to the transmission
time required by TCP Reno over a GEO satellite with a
1.0e-04 bit error rate.

Figure 11

Figure 12

The data shown in Figures 11 and 12 demonstrate that
COCv2 and DGSR combined transmit data sets greater than
or equal to 1 KB data setsin less time over a hybrid network
than a GEO satellite network alone at with a zero bit error
rate. For al bit error rates, a 20 MB data set is transmitted
in less time using the hybrid network than the GEO satellite
network. Therefore, access to aterrestrial channel, such asa
low delay phone line, and use of COCv2 and DGSR
improves data set transmission performance when all



acknowledgments are transmitted over the hybrid network®
slow but low delay link.

5.LARGE SLOT TIME TOKEN Bus

The research presented in Section 4 permits only two earth
stations to transmit data within a hybrid network. To allow
two or more earth stations to transmit data sets within a
hybrid network using our MST/MD protocol variants and
our DGSR algorithm, we created the designs for a new OSl
data-link layer MAC algorithm named large slot time token
bus (LSTTB). We modeled LSTTB after the Institute of
Electrical and Electronics Engineers (IEEE), Inc. token bus
standard 802.4 [6]. The following paragraphsin this section
discuss how the LSTTB algorithm computes slot time, token
wait time, ring enter time, and token walk time. New
equations for FDM and LSTTB transmission time and
channel throughput are next defined. A discussion of the
data transmission performance characteristics that result
from the use of LSTTB follows.

LSTTB Sot Time

Our LSTTB agorithm defines slot time based on the size of
the data set transmitted versus the time required by a token
to traverse an | EEE token bus channel. Once earth station i
obtains the token, it sets the slot time using Equations 1 or 2.
Earth stations that use COCv1 and COCv2 will compute
dlot time using Equation 1, and those that use CLCv1 will
use Equation 2. Thevalue nin Equations 1 and 2 represents
the maximum number of times a segment is transmitted by
COCv1l, COCv2, or CLCvl. An earth station broadcasts
this value to the other earth stations in the network and then
begins transmission. Overall, we see that a large dot time
results when alarge data set is to be transmitted.

Slot Time=

Data Set Size
Segment Size

GEO Satellite Transmission Rate

trunc +1 *n *Segment Size

@

Data Set Size
Segment Size

GEO Satellite Transmission Rate

trunc +1*n *40 B

Earth stations that use our LSTTB MAC algorithm hold the
token until all segments associated with a data set are
successfully transmitted. This includes multiples of each
segment transmitted by either COCv1, COCv2, or CLCv1.
The length of time the token is held by an earth station is
based on the size of the data set transmitted.

Slot Time=

Lsets,ze +1 *n *Segment Size
Segment Size (2

GEO Satellite Transmission Rate

trunc

LSTTB Basic States

The basic states for earth stations that use the LSTTB
agorithm are shown as a finite automata in Figure 13: OFF,
OUT-RING, IN-RING, and HOLD TOKEN. An earth
station in the OFF state is powered off. An earth station in
the OUT-RING state has completed a power-up procedure,
but has not petitioned to insert itself into the logical ring
during a response window. An earth station in the IN-RING
state has successfully petitioned and entered the logical ring;
it has an identifier and is aware of it® logical ring
predecessor and successor. Once an earth station receives
the token, it enters the HOLD-TOKEN state. While in the
HOLD-TOKEN state, an earth station can transmit data or
pass the token to it®successor.

Figure 13

LSTTB Token Walk Time

Possession of the token allows an earth station in our hybrid
network to transmit data over the GEO satellite. After data
transmission, the earth station must pass the token to it®
successor over the terrestrial channel. The average time to
pass the token (i.e. average token walk time) is the sum of
the quotient of the control token size and the transmission
rate and the quotient of the transmission delay and 3. This
sum is shown in Equation 3 [5, 2].



AverageTokenWalk Time=

Control TokenSize

3
Terrestrid Channel Transmission Delay )

N Terrestrid Channel Transmission Delay
3

A value of three is used as the denominator of the second
quotient because two randomly chosen earth stations, on

average, lie within % of the terrestrial channel length (i.e.
distance) from each other [5, Page 395, Equation 11.3]. For

a terrestrial channel (see Figure 10) with a 56 Kbps
transmission rate and 70 ms transmission delay, the average

token wak time is approximately 0.02 seconds,
_208 + foms , assuming a 20 B control token size.
56 Kbps 3

The minimum time required by an earth station to pass the
token to its successor (i.e. minimum token walk time) is the
sum of the quotient of the control token size and the
transmission rate and the quotient of the transmission delay
and N. If we assume all earth stations are equally spaced
along the terrestrial bus, then two adjacent stations are

7oms seconds apart. Equation 4 shows this sum. Using

the same terrestrial channel from Figure 10, the minimum

token walk time is approximately 0.003
seconds, 208 + 70ms , assuming N=128.
56 Kbps 128
MinimumTokenWalk Time=
Control TokenSize
4

Terrestrid Channel Transmisson Delay

. Terrestrid Channel Transmisson Delay
N

The maximum time required to pass the token between the
two earth stations farthest apart in distance within the logical
ring (i.e. maximum token walk time) is the sum of the
quotient of the control token size and the transmission rate
and the transmission delay. This sum is shown in Equation
5. Using the same terrestrial channel, the maximum token

+70ms.

walk timeis roximately 0.07 seconds,
P y 56 Kbps

Note that the 70 ms transmission delay dominates the
maximum token walk time. As stated earlier in this section,
an earth station must wait to receive the token before
transmitting data.

Data Set Size
Transmission Rate  (5)
+ Transmission Delay

Maximum Token Walk Time =

LSTTB Token Wait Time

Assuming no earth station has a data set to transmit, the
average time an earth station waits until it next receives the
token is the product of the average token walk time and the
number of actively participating earth stations in the logical
ring. Equation 6 shows this product.

AverageTokenWait Time =

AverageTokenWak Time* N ©
The datain Table 1 show the average token wait time for 2,
4, 8, 16, 32, 64, and 128 earth stations. The average token
wait time for 2 earth stations is larger than that for 4 because
the 2 earth station value was calculated using the maximum
token walk time. This occurs because only two earth
stations are currently IN-RING. See Figure 13.

Tablel
Earth Stations Average Token Wait Time in Seconds
2 0.14
4 0.10
8 0.20
16 041
32 0.83
64 1.67
128 3.35
LSTTB Ring Enter Time

Earth stations in the OUT-RING state must petition to enter
the logical ring during a response window. However, the
average time that an earth station must wait to enter the
logical ring is dependent upon how many earth stations with
smaller addresses petition into the logical ring during the
same response window. Typically, an earth station in the
HOLD-TOKEN state will transmits a solicit successor
control frame prior to every r" rotation, or pass, of the
token, wherer is at least 16 (2*) but less than or equal to 255
(28- 1) [6].

Because token rotation delay is dependent upon the number
of actively participating earth stations in the logical ring and
the transmission delay of the transmission medium, it is
difficult to define the precise time an earth station waits to
enter the logical ring. However, assuming only one station
wishes to enter the logical ring, the average ring enter time
can be defined as the product of the token walk time and
number of actively participating earth stations in the logical
ring and the rotation in which an earth station transmits a
solicit successor control frame. Equation 7 shows this
product.




Average Ring Enter Time=

7
Average Token Walk Time* N * r 0

FDM Transmission Time and Channel Utilization

In sections 2, 3, and 4, we first obtained data set
transmission times through simulation and then compute
channel utilization.  Equation 8 defines the channel
utilization achieved by two earth stations, where one is the
sender and the other the receiver. However, since a single
GEO satellite transponder is comprised of several carrier
signals because FDM divides the aggregate bandwidth of the
transponder among all earth stations, the equation for
transmission time must be redefined. Additionaly, a new
equation for channel utilization must also be defined. The
following paragraphs discuss how we redefined the
transmission time and channel utilization equations for earth
stations that use FDM GEO satellites to transmit data.

Throughput
Transmission Rate

Channel Utilization =

8

For a GEO satellite network comprised of N earth stations,
we define the time (i.e. transmission time) required by any
earth station i to transmit adataset as TT;. Because FDM is
used to distribute a GEO satellite® aggregate bandwidth
among al N earth stations, any earth station i receives
Transmission Rate
N

the GEO satellite® actual digital bandwidth. Thus, TT; is
congtrained by the bandwidth allocated to earth station i.

bandwidth, where transmission rate is

When transmitting data, earth station i is a member of a set
T (i.e.il T) of earth stations transmitting data sets at the
same time. The number of elements in set T could be
maximally N (i.e. al earth stations are transmitting, or
ROTES = 1.0), minimally 1 (i.e. only i is transmitting, or
ROTES :}{\l ), empty (i.e. no earth stations are

transmitting, or ROTES = 0.0), or any number between 0
and N. For our research, we define the number of earth
stations in T as N*ROTES, where ROTES was either 0.0,
0.25, 0.5, 0.75, or 1.0. That is, no earth stations were

transmitting, %, were transmitting, %/ were transmitting,

% were transmitting, or all were transmitting respectively.

Having defined the transmission time for any earth station i
that uses FDM GEO satellites to transmit data, we now
define the throughput for earth station i as TP, which is
either zero (i.e. the earth station is not transmitting) or
Data Set Size

TT;
Equation 9.

(i.e. earth sation i is transmitting). See

0, Data Set Size )
TT;

From channel throughput, we define normalized channel
throughput (NCTP) as the quotient of the sum of all TP, (i.e.
the sum of all N earth station throughputs) and N (i.e. the
total number of earth stations). See Equation 10. Since the
throughpuits for all non-transmitting earth stations (i.e.il T)
are the same value (i.e. zero), the computation of NCTP
simplifiesto TP, * ROTES, where TP; is the throughput for
all transmitting earth stations il T .

N-1
TR
NCTP=-=C
N

=TR* ROTES (10)
_ DataSet Size
TT,

* ROTES

We define normalized channel utilization (NCU) as the
quotient of the normalized channel throughput and the
fraction of the bandwidth allocated to an earth station (i.e.
the quotient of the GEO satellite® transmission rate and N).
See Equation 11.

NCTP
GEO Satellite Transmission Rate
N

i 11
Date_? Size, borEs (11)

GEO Satellite Transmission Rate
N

NCU =

LSTTB Transmission Time and Channel Utilization

Having defined transmission time, normalized channel
throughput, and normalized channel utilization for earth
stations that transmit data sets over FDM GEO satellites, we
define the same computations for our LSTTB algorithm.
Since earth stations that use COCvl, COCv2, or CLCv1l
must also use our LSTTB algorithm, a transmitting earth
station will secure the satellite channel without interference
from other earth stations during it®transmission period.

We again define earth station transmission time as TT;,
which represents the transmission time required by any earth
station i as if it were the only earth station within the
network. Any earth station wishing to transmit data waits
until earth station i has completed transmitting data. Thus,
the channel throughput is the same for al earth stations
transmitting the same sized data sets because i has sole
possession of the communication channel while transmitting
data. See Equation 12. Note that TT; does not include the



time earth station i waits before transmitting data (i.e. token
wait time).

TP = DataSet Size
TT

(12)

We define normalized channel throughput for all ratios of
transmitting earth stations as TP,. See Equation 13. This
equation shows that channel throughput is not affected by
the number of transmitting earth stations. Note that il T
impliesN * ROTES.

N* ROTES* TR
N* ROTES
=TR (13)
_ DataSet Size
-

NCTP =

Because the normalized channel throughput is the same
value for all earth stations when transmitting same sized data
sets, the normalized channel utilization is also the same
value for any number of transmitting earth stations. See
Equation 14.

NCTP
GEO Satellite Transmission Rate
Date Set Size (14)
Ti'l'i

"~ GEO Satellite Transmission Rate

NCU =

LSTTB S mulation Methods

Similar to Sections 2, 3, and 4, two groups of simulations
were executed to obtain data set transmission times using
our MST/MD protocol variants COCvl, COCv2, and
CLCv1, our DGSR agorithm, and our LSTTB algorithm.
Both used the network topology shown in Figure 10, but
instead defined N earth stations, where i = [0, N-1], j =[O,
N-1], andi? j. Additionally, for both groups of
simulations, we varied the number of earth stations (i.e. N)
as 2, 4, 8, 16, 32, 64, or 128. For the research presented in
Sections 2, 3, and 4, N was 2. We chose to simulate with a
maximum of 128 earth stations because this number is
currently greater than the total number of hospitals and
clinics that are affiliated with the Missouri University
Medical Health System®. However, use of 128 earth stations
allows additional medical organizations to participate in a
large regional medical data communication network.

[e]

3 The University of Missouri Medical School is affiliated with the Missouri

University System and collocated on the University of Missouri —
Columbia campus.

LSTTB Smulation Results

As discussed in Section 4 and illustrated by Figures 11 and
12, only two earth stations can transmit data using our
MST/MD protocol variants and our DGSR algorithm within
the hybrid network. As stated in the first paragraph of this
section, two or more earth stations can transmit data sets
within a hybrid network when all use our LSTTB algorithm
and additionally use our MST/MD protocol variants and our
DGSR adgorithm. These results are discussed in the
following paragraphs and shown in Figures 14 and 15.

The data in Figure 14 show the transmission time, in
seconds, achieved by Hybrid+COCv2+DGSR+LSTTB,
GEOS+CLCv1+LSTTB, and GEOS+TCPReno+FDM when
128 earth stations transmit various sized data set, when the
GEO satellite’s bit error rate was 0.0, and when the ratio of
transmitting earth station was 0.5. We see that
GEOS+TCPReno+FDM transmits all data sets in less time
than Hybrid+CLCv1+LSTTB.  GEOS+TCPReno+FDM
transmits data sets less than or equal to 2 MB in less time
than  Hybrid+COCv2+DGSR+LSSTB. However,
Hybrid+COCv2+DGSR+LSTTB transmits data sets greater
than or egua to 20 MB in less time than
GEOS+TCPReno+FDM. In general, the percent decrease
in transmission times, in seconds, achieved by
Hybrid+COCv2+DGSR+LSTTB when compared to that
achieved by GEOS+TCPReno+FDM for data sets sizes 20
MB and 200 MB was 5.96% and 29.11% respectively.

Figure 14



Figure 15

The data in Figure 15 show the transmission time, in
seconds, achieved by Hybrid+COCv2+DGSR+LSTTB,
GEOS+CLCv1+LSTTB, and GEOS+TCPReno+FDM when
128 earth stations transmit a 20 MB data set, when the GEO
satellite’s bit error rate was varied, and when the ratio of
transmitting earth station (ROTES) was 0.5. We see that
GEOS+TCPReno+FDM transmits a 20 MB data set size in
less time than Hybrid+CLCv1+LSTTB when the bit error
rale is less than or equa to 1.0e-06.
GEOS+TCPReno+FDM transmits a 20 MB data set size in
less time than Hybrid+COCv2+DGSR+LSTTB for bit error
rates 1.0e-05, 1.0e-06, and 1.0e-07. However, both
Hybrid+COCv2+DGSR+LSTTB and  Hybrid+CLCv1+
LSTTB transmit a 20 MB data set size in less time than
GEOS+TCPReno+FDM when the bit error rate is 1.0e-04.
In general, the percent decrease in transmission time, in
seconds, achieved by Hybrid+COCv2+DGSR+LSTTB and
Hybrid+CLCv1l+ LSTTB for a 1.0e-04 bit error rate are
67.86% and 84.47% respectively compared to that achieved
by GEOS+TCPReno+FDM.

Together, the data in Figures 14 and 15 show that an
increase in the number of earth stations within the GEO
satellite network increases the transmission time required by

Hybrid+COCv2+DGSR+LSTTB and
Hybrid+CLCv1+LSTTB versus GEOS+TCPReno+FDM to
transmit all sizes of date sets compared to

GEOS+TCPReno+FDM. However, if ROTES is less than
1.0, GEOS+TCPReno+FDM achieves poor channel
utilization. That is, our MST/MD protocol variants COCv1,
COCv2, and CLCv1, our DGSR agorithm, and our LSSTB
algorithm combined achieve a better channel utilization
compared to TCP Reno and frequency division multiplexing
when the GEO satellite® bit error rate increases and the
ROTES islessthan 1.0.

The research presented in this section demonstrates that our
MST/MD protocols variants COCv1, COCv2, and CLCv1,
our DGSR algorithm, and our LSTTB algorithm will benefit
organizations that desire to transmit large data sets across a
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GEO satellite using a large number of periodically
transmitting earth stations. That is, many earth stations
transmitting large data sets across a GEO satellite that
exhibits large bit error rates (i.e. a noisy channel), but a
ROTES lessthan 1.0 (i.e. periodic transmitters).

6. CONCLUSIONS

The research summarized in Sections 2 and 3, and discussed
in [14] and [13] respectively (i.e. large data set transmission
characteristics and the MST/MD protocol variants), and the
new research presented in Sections 4 and 5 (i.e. the DGSR
and LSSTB algorithms) is important to near-earth Internet
data transmission for several reasons. First, large segment
sizes and large maximum window sizes are essential for
efficient GEO satellite transmission of large data sets.
Second, our MST/MD protocol variants COCvl, COCv2,
and CLCv1 transmit large date sets over GEO satellitesin a
way that maximizes channel utilization and minimizes
transmission time. Third, simple segment redundancy is
adequate to offset the effect of increased bit error rates when
transmitting data over GEO satellites. Fourth, the use of a
hybrid network consisting of a GEO satellite and terrestrial
channels decreases data set transmission time.  Fifth, atoken
bus oriented MAC strategy designed to use a large dot time,
provides better GEO satellite channel utilization compared
to frequency division multiplexing. Last, any earth station
communicating within the hybrid network can select to use
our MST/MD protocol variants, our DGSR algorithm and
our LSTTB algorithm or the traditional OSI transport,
network, and data-link layer protocols based on current
communication channel performance characteristics.

The research discussed in this paper is significant for near-
earth Internet data transmission because GEO satellites can
be used as dternative infrastructure for Internet
communications. In addition, the cost of redundancy
required to transmit data under deteriorating conditions
across a GEO satellite path is not large. A low cost
terrestrial channel when part of a hybrid network that
includes a GEO satellite can also improve data transmission
performance. Therefore, organizations that operate
numerous rural/remote outposts, which periodically transmit
large data sets, will benefit from using our multi-layer OSI
protocol designs. Hybrid networks are practical within the
United States given the prevalence of terrestrial telephone
lines. However, their use may not be possible in other
countries due to the dearth of terrestrial telephone lines

Several paths branch from the research presented in this
paper. First, software implementations of our multi-layer
OSl protocol and algorithm designs may be created. The
software implementations of our designs can be evaluated
through hardware emulation or within a “live” hybrid
network and compared with the data presented in this paper.
Second, deep-space data transmission using CLCv1 can be



simulated. CLCv1's data transmission performance can be
compared against that achieved by CCSDS File Delivery
Protocol (CFDP), the Multicast Dissemination Protocol
(MDP), and the No-Acknowledgement Oriented Reliable
Multicast (NORM). Third, the performance of a FDM
multiple token large dlot time bus MAC strategy can be
simulated and the performance data compared against the
research presented in this paper. Last, the performance
associated with transmitting various image, audio, and video
file formats over a GEO satellite using our multi-layer OS
protocols can be investigated.
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