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A Practical experiments in a satellite network environment assist in
BSTRACT the design and understanding of future global networks. This

article describes the practical experiences gained from TCP/IP on ATM networks over a
high-speed satellite link and presents performance comparison studies of such networks
with the same host/traffic configurations over local area and wide area networks. These
comparison studies on the LAN, WAN, and satellite environments increase our understand-
ing of the behavior of high-bandwidth networks. NASA’s Advanced Communications Tech-
nology Satellite (ACTS), with its special characteristics and high data rate satellite channels,
and the ACTS ATM Internetwork (AAI) were used in these experiments to deliver broad-
band traffic. Network performance tests were carried out using application-level software
(Netspec) on SONET QC-3 {155.52 Mbys) satellite links, Finally, in this article we experimen-
tally study the performance, efficiency, fairness, and aggressiveness of TCP Reno, TCP New

ronment represents a typical high BDP
network infrastructure. The AAT testbed
[1] provided the wide-area ATM con-
nectivity for this study. The AAI testbed
includes several Department of Defense
(DoD) high-performance computing
centers, and connections to the MAGIC
and ATDnet gigabit testbeds. Our exper-
iments focus on performance measure-

Reno, and TCP SACK end hosts on ATM networks over high BDP networks.

C ommunication satellites with their broadcast char-
acteristics provide an effective and useful plat-
form for establishing links between areas that are inaccessible
by terrestrial communication facilities. Advanced satellite sys-
tems may compete under certain circumstances with terrestri-
al fiber optic networks in terms of high transfer rates and very

low bit error rates (BERSs), and will become significant players’

in the global information infrastructure (GII) in the future.
Asynchronous Transfer Mode (ATM) cell switching technolo-
gy offers the flexibility to handle and transfer advanced broad-
band services (voice, data, video) and integration of those in
the same network at high transfer rates. The combination of
ATM and satellite technologies with the widely used Trans-
mission Control Protocol/Internet Protocol (TCP/IP) suite
forms an internetwork architecture that has the potential to
provide seamiess networking. Such networks will enable the
transfer of data and multimedia communications on the same
network, everywhere in the world. The well-known drawbacks
of this architecture are that in geosynchronous earth orbit
(GEOQ) satellite systems, performance is affected by the inher-
ent latency due to the speed of light impairment and the dis-
tance of the satellite from the earth’s surface, as well as the
probability of bit errors on the satellite links.

This article presents results from performance experiments
conducted as a part of the Advanced Communications Tech-

nology Satellite (ACTS) ATM Internetworking (AAI) project

[1]. The goal of this study was to experimentally test and evalu-
ate the performance of different TCP implementations, which
include the necessary extensions for high-performance network-
ing [21, over high bandwidth delay product (BDP) channels,
including high-data-rate (HDR) geosynchronous earth orbit
(GEO) satellite channels. For a review of TCP over ATM/satel-
lite environments the reader is referred to [3]. The latter envi-
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ments on OC-3 and OC-12 ATM using
TCP/IP hosts with the necessary exten-
sions for high performance [2, 4, 5] over
LAN, WAN, and ACTS HDR channels. The three TCP imple-
mentations evaluated are TCP Reno [5], TCP New Reno [6],
and TCP Selective Acknowledgments (SACK) [4].

Even though the experiments reported here are for a satel-
lite system, these results are representative of expected per-
formance for future high-speed terrestrial networks. This
statement is valid for our work, since the satellite links in our
testbeds exhibited very low BER (10-12, 10-13) similar to that
of fiber networks, Therefore, all losses observed in these
experiments were due to network congestion; hence, loss pat-
terns can be considered similar to those of terrestrial high-
speed fiber networks. Host and switch interface rates are
rapidly increasing; OC-48¢ (2.4 Gb/s) interfaces are available
today. The future will bring even higher rates. Thus, results
from OC-3c¢ networks over satellite channels can be used as
an indicator of the performance of such future high BDP ter-
restrial systems.

BANDWIDTH DELAY PRODUCT

Two fundamental properties of networks are:

* Delay, the two-way latency for information to propagate
from the sending node to the receiving node and com-
monly called round-trip time (RTT)

* Bandwidth, the number of bits that can be transmitted in
a certain period of time

BDP is the product of the above two characteristics (i.c., the
number of bits the network can hold). In transport/data link lay-
ers, the BDP represents the maximum amount of allowed unac-
knowledged data outstanding at any moment on the network,
keeping the link or pipeline full. The BDP is also an indication of
the upper limit of the buffering requirements the end hosts must
have in order to be able to obtain optimal performance.

TRANSMISSION CONTROL PROTOCOL

TCP is a sophisticated transport protocol that offers connec-
tion-oriented and reliable byte stream service. It is also
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extremely flexible in that almost any underlying technology
can be used to transfer TCP/IP traffic [7], such as ATM,
which is used in the network architecture considered here. It
is an end-to-end protocol with error, flow, and congestion
control fanctions. Detailed information on TCP ¢an be found
in [7, 8]. Its basic implementation [9] is unsuitable for high-
speed and high-delay networks; therefore, modifications and
additions were added to enhance the performance of the pro-
tocol over such networks {2, 4, 5]. A major requirement is the
support of large flow control window sizes. This is one of the
reasons for the variety of TCP versions available today. Here,
three TCP protocols are considered.

TCP REnO

The major characteristics of this transport protocol are slow
start, congestion avoidance, fast retransmit, fast recovery [5],
and support for large windows [2] and delayed acknowledg-
ments [10].

TCP NEw RENO

TCP New Reno was proposed by [6] and requires changes
only to the sender-side protocol suite. This modification
attempts to overcome TCP Reno’s fast retransmit and fast
recovery problems to recover from multiple segment losses
within one window of transmitted data. Studies on TCP Reno
[11, 12] have shown that when more than one loss occurs
within one window of data, fast retransmit and fast recovery
will be triggered several times in one RTT, resulting in reduc-
tion of the congestion window several times, and then linear
growth or, eventually, slow start. This leads to throughput
reduction. TCP New Reno avoids the above pitfall by extend-

ing the fast retransmit phase. In case of only one segment .
loss, TCP New Reno acts exactly the same as TCP Reno.

TCP SACK

TCP SACK is specified in {4], and requires changes to both the
sender and receiver protocol suites. It was designed to achieve
better channel utilization than earlier TCP protocols since it is
able to recover from multiple segment losses in one RTT. The
receiver also provides enough information about segment losses
in a window of data; therefore, the sender knows exactly which
segments were lost, and retransmits them in one RTT. SACK
compatibility is verified during TCP three-way handshake con-
nection establishment with SYN segments that contain the
Sack-Permitted option. TCP SACK still contains the congestion
principles and mechanisms of TCP in order not to be aggres-
sive and degrade the network performance. Once more, in
cases of only one segment loss, the reaction of TCP SACK to
congestion is the same as that of TCP Reno.

TCP/IP ON ATM NETWORKS

ATM is a scalable cell switching and multiplexing techrology
that was chosen by the International Telecommunication
Union — Telecommunication Standardization Sector (ITU-T)
to be the transport technology for the Broadband Integrated
Services Digital Network (B-ISDN). Studies [1, 13} have
shown that TCP with the necessary extensions for high perfor-
mance {2, 5} can achieve maximum performance over ATM.
The maximum obtainable user bandwidth of TCP over OC-3
ATM is about 134 Mbys [1, 14}

In our implementations, ATM is transported by Syn-
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M Figure 1. Congestion-free configuration of TCP/IP on ATM over KU LAN, AAI WAN, and ACTS.
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error detection, All experiments
were run over ATM unspecified bit
rate (UBR) services. When ATM
UBR services are used for a con-
nection, the only operation the switch performs is to drop
cells when there is buffer overflow, according to a specific
drop policy [12}; thus, all the congestion control is done by
the higher protocols. In our case, control is done by TCP.

THE SATELLITE SYSTEM: ACTS

ATM transported over SONET systems is rapidly emerging as
the transport mechanism for future high-speed networks [13].
Broadband communication satellite systems provide an effec-
tive platform for worldwide communications. NASA’s ACTS is
an experimental satellite system providing SONET STS-3
(155.52 Mb/s) and SONET STS-12 (622.08 Mby/s} point-to-point
and point-to-multipcint services [15], All the ground earth sta-
tions (GES) are equipped with standard SONET OC-3/3¢ and
SONET OC-12/12c¢ interfaces to ensure the interoperability of
the satellite network with the terrestrial network. More details
on ACTS and GES architectures can be found in [13-15].

SYSTEM OVERVIEW AND TOOLS

The workstations used in our satellite experiments were DEC
Alpha 3000/700 with a 225 MHz clock; DEC Alpha 3000/400
with 133 MHz clock; SUN UltraSPARC 1 with 167 MHz
clock; and SUN SPARC 20 with 125 MHz clock. Their oper-
ating systems supported the TCP Reno, TCP New Reno, and
TCP SACK extensions. All workstations had sufficient buffers
to accommodate the BDP of the connection and their memo-
ry bandwidth, that is, how fast the microprocessor can
read/write from/to the main memory, was found to be greater
than 400 Mb/s. Thus, theoretically there should not be any
problem achieving OC-3c SONET rates. Of course, other host
considerations have an impact on performance, like the I/O
bus bandwidth (how fast the bus can read/write data from/to
the network adapter), ATM drivers’ buffering capabilities, and
operating system kernel issues.

Therefore, adequate memory bandwidth is a necessary but
insufficient condition for determining the ability of the end
hosts to achieve the required throughput of the transport net-
work technology. It is, though, a good indication of the capa-
bilities of the end hosts.

The ATM switches used were FORE ASX-1000 and FORE
ASX-200BX models. These switches provide shared buifer
space for UBR traffic for each network module, which is allo-
cated per virtual circuit (VC) dynamically on an as needed
basis, These switches also support early packet discard (EPD),
which in case of congestion discards the entire sequence of
ATM cells belonging to a single packet, thereby not loading
the link with unnecessary cells that will be retransmitted by
TCP (in the packet level).

Beyond the basic program ping used to determine the two-
way latency between the two end hosts, a network perfor-
mance evaluation tool had to be used to test the network
performance. For this purpose we used Nefspec [1, 16], which

8 Table 1. Throughput obtained by TCP extensions on a congestion-ﬁf;é ATM network over
LAN, WAN, and ACTS for 10 replications.

provides a block-structured language for specifying repeatable
distributed network experiments and can support both TCP
and UDP, as well as application-layer traffic shaping, which
will be discussed later.

METHODOLOGY AND RESULTS

EXPERIMENTAL PARAMETERS

All the experimental scenarios were carried out with the
default MTU size for classical IP over ATM AALS networks,
which is 9180 bytes. This configuration results in a TCP maxi-
mum segment size (MSS) of 9140 bytes. The most important
parameter that had to be calculated for the experiments was
the BDP of the connection, which was the upper limit of the
TCP window, or equivalently the send and receive socket
buffer sizes. This parameter was passed to the operating sys-
tem kernel via the setsockopt system-level function by the
application-level testing software, Netspec. The required BDP
value for optimal performance of TCP on OC-3 ATM/SONET
over ACTS with RTT of 534 ms is approximately 8.53 Mbytes.
In our experimental scenarios we used 10-Mbyte window
sizes. The performance metrics in our investigation are
throughput, channel utilization (or protocol efficiency), and
protocol fairness using the fairness index described in [12].

CONGESTION-FREE PERFORMANCE AND RESULTS

The experimental configuration of the congestion-free sce-
nario is shown in Fig. 1. In this scenario one-to-one memory
transfers at full workstation speeds are carried out using
Netspec over the University of Kansas (KU) ATM network,
AAT WAN, and ACTS system at OC-3c rates. The three dif-
ferent network environment paths are represented by dotted,
dashed, and solid lines, respectively. The RTT of each con-
nection is noted by clocks next to the workstations. The pur-
pose of this scenario is to note the maximum TCP over
ATM throughput that we can obtain on a SONET OC-3
satellite link with the current generation of workstations, as
well as to compare the performance between LANs, WANs,
and satellite systems. All three TCP protocols were tested
over the LAN and satellite environments, while only TCP
Reno was tested over the WAN environment. Congestion is
not present in this case, since the maximum rate of the
sender machine is the same as the rate of the ATM switch
interfaces or the satellite link.

The bit error rate (BER) on the satellite links was mea-
sured to be in the range of 10-12 at the time of testing. The
RTT between the end hosts was measured by the program
ping and found 534 ms on average for the satellite connec-
tion, 0.1 ms for the LAN connection, and 39 ms for the
WAN connection. The satellite round-trip latency is the
sum of the propagation delay over the satellite link, the
transmission delay of ATM cells, the ATM segmentation
and reassembly (SAR) delay, the processing delay within
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Blocks of data sent

MW Figure 2. The ON-OFF source scheme Netspec uses fo shape
traffic.

the TCP/IP stack, and the propagation delay through the
terrestrial fiber networks used to connect the hosts under
test with the ground stations. Of these factors, the satellite
propagation time is by far the dominant one. Table 1 shows
the performance results of the three transport protocols for
this scenario. The results indicate that TCP hosts, which
support the necessary extensions, on ATM/SONET net-
works over LANs, WANSs, and satellite environments with
very low BER and high-speed channels, are similar to each
other, independent of the large differences in path latencies
which they exhibit.

We also used this scenario to test the performance of the
three protocols under a noisy satellite connection. We used an
OC-12 satellite Link with a BER of 8.9 * 10-* and performed
the same one-to-one transfers as above. The throughput
obtained on average by TCP Reno was 1.235 Mb/s, by TCP
New Reno 1.527 Mb/s, and by TCP SACK 2.059 Mb/s. These
results confirm that none of the TCP extension implementa-
tions can efficiently operate on satellite links with high proba-
bilities of bit error.

CONGESTED NETWORK PERFORMANCE AND RESULTS
‘When different OC-3c traffic sources are competing for the
same OC-3c link, the offered traffic
is too high for the switch buffers to

shape the traffic. Shaping was accomplished by specitying the
size of the data blocks written to the network at a predefined
time interval in milliseconds (10 ms in our experiments). By
doing so, a specific source rate can be specified or traffic-
shaped. Figure 2 shows the ON-OFF source scheme that Net-
spec uses to shape the traffic.

Figure 3 shows the graph of the offered load versus
aggregate throughput obtained when TCP Reno is used in
these experiments. One can observe from these results that
the maximum value of TCP Reno throughput in all environ-
ments under test was obtained when the aggregate offered
load was 105 Mb/s. Above that load, the switch buffers over-
flowed, cell losses occurred, and the throughput dropped
sharply. It also continued to drop while we were increasing
the offered application load. The peak throughput under
congestion and traffic shaping for the LAN was 103.023
Mb/s, for the WAN 99.265 Mb/s, and for the satellite envi-
ronment 90.342 Mb/s. When all three sources transmit simul-
taneously as fast as possible (full rate) (i.e., no application
layer pacing), the obtainable TCP Reno throughput is much
lower, and was measured as 91.887 Mb/s, 68.646 Mb/s, and
54.105 Mb/s for the LAN, WAN, and satellite environments,
respectively. This is shown in the graph of Fig. 3 by the three
horizontal lines used as reference for performance compari-
son to the scenario where traffic shaping was used.

Similar results were obtained with TCP New Reno and
TCP SACK, but with higher peaks {(thus better channel wti-
lization) in all tested environments. Figure 4 shows the mea-
sured performance comparisons among TCP Reno, TCP New
Reno, and TCP SACK over the satellite channel with and
without traffic shaping. When unregulated full-rate traffic is
considered, TCP SACK delivers 60 percent efficiency, TCP
New Reno 48 percent, and TCP Reno 40 percent. When traf-
fic shaping is used in the sending nodes, TCP SACK obtains
peak throughput of 103,923 Mb/s, TCP New Reno 91.875

handle, resulting in congestion and
cell overflow, As a result of this,

cells will be dropped and TCP 120
retransmissions will eccur. A TCP

packet contains about 192 ATM

cells. In the experiments conducted 100l

here one cell loss will result in the
loss of the whole packet. Under

3 Full rate traffic sourccs over LAN

hroughput versus offered load in LAN, WAN, andr ACTS

these conditions, the goodput will
be dramatically decreased. To study
this scenaric one can look at Fig. 1
and just imagine three DEC

80

2000/700 workstations at KU
instead of one, transmitting at fall |
speed to the network. The transmit- |
ting workstations inject data into |
the link at a faster rate than the H
switches can forward, and therefore |
congestion is present. The purpose
of this experimental scenario is to
note the maximum throughput we
can obtain on a SONET OC-3 20i
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LAN, WAN, and satellite environ-
ment under congestion conditions
using the three TCP extension
implementations. In addition, we
also used application-level traffic
shaping and examined the effect of
such tratfic shaping on TCP perfor-
mance, Netspec [16], was used to

i s 'LAN; 3 DEC 3000/700 > UltraSparc 1 ([RTT=0.1 ms}
i f—s— WAN; 3 DEC 3000;700 - DEC 3000/700 {RTF=39 ms|
| == ACTS;3 DFC3000/700 -> UltraSPARC 1 [RTT 534 ms}:

o 20 '"'zi'o TR0 80 100 120 160

Aqgregate paced throughput (Mbis)

W Figure 3. Throughput obtained vs. ojfered ! load with TCP Reno OC- 3¢ connections over the
KU LAN, AAI WAN, and ACTS.
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Mb/s, and TCP Reno 90.342 Mby/s.
These results indicate that TCP
SACK is more efficient than the

. Aggregate Ethroi‘.fk_:;‘th:t'@tE versus offered load in LAN, WAN_, and ACTS

others since it has the ability to .100'_ ;
obtain higher throughput and thus :
better channel utilization.

Under these conditions, TCP

SACK performs better than TCP
New Reno or TCP Reno., The cost
of using TCP SACK is the proto-
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the protocol overhead is negligible
compared to the performance
improvement, The complexity is
not a significant issue with the
current generation of worksta- :
tions; note that over 100 Mb/s 200
throughput to the application PRI

layer was experimentally observed.
More details on the protocol over-
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EVALUATION AND FAIRNESS
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To further evaluate the TCP exten-
sions on the TCP/ATM over satel-
lite network, another metric beyond
throughput and efficiency has to be
taken into consideration: the fairness of the protocols. To
study fairness we used the fairness index described in [12],
which is the ratio of the square of the sum of all individual
connections’ throughput obtained over the product of the
number of connections competing for the link times the sum
of the square of all individual connections’ throughput. This
index jndicates whether workstations with the same TCP pro-
tocol competing for the bottleneck link can about equally
share the available channel bandwidth. A protocol is ideally
fair if the fairness index equals unity. This scenario was also
used to measure the channel utilization achieved by sach pro-
tocol on stressed ATM satellite networks, Figure 5 shows the

the satellite channel,

-] Flgure 4 Performance comparisons of TCP Reno, TCP New Reno and TCP SA CK over

network configuration of this scenario. In this experiment
Netspec generated 15 simultaneous traffic flows, cach deliver-
ing 15 Mb/s load controlled by the TCP window flow control
mechanism. The data traffic passes through the satellite sys-
tem and is received by another workstation on the KU ATM
LAN. All three protocols were tested using this testbed. The
BER on the satellite link during testing was 1.1 * 1012,

The results obtained are as follows: TCP Reno obtained
an aggregate throughput of 44.621 Mb/s, achieving 33 per-
cent channel utilization and a fairness index of 0.89; TCP
New Reno obtained an aggregate throughput of 86.631
Mb/s, achieving 64 percent channel utilization and a fairness
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B Figure 5. Network configuration of 15 parallel TCP connections, each one generating 15 Mb/s of traffic to the network.
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W Figure 6. Network configuration of 60 parallel TCP connections (20 connections of each protocol) competing for the stressed ATM

satellite link. Each connection generates 7.5 Mb/s of wraffic, contributing to a total network load of 450 Mb/s. Each protocol source

transmils to the corresponding protocol sink.

index of 0.96; TCP SACK obtained an aggregate throughput
of 113.318 Mby/s, achieving 84 percent channel utilization and
a fairness index of 0.84. These results indicate that TCP
SACK with the selective acknowledgment scheme and the
ability to retransmit multiple segments in one RTT is more
efficient than the other two protocols but is the least fair,
while TCP New Reno with the ability of recovering from N
losses in N RTTs is the most fair compared to both TCP
Reno and TCP SACK. In this case one TCP implementation
was used each time for all connections. Thus, the fairness of
TCP SACK in our testing environment was found to be a lit-
tle lower. This is due to the fact that connections which do
not time out (connections with retransmitted packets lost,
timecut) are not going through slow start, hence utilizing
more link bandwidth as also discussed and observed based
on simulations in {17].

EVALUATION AND AGGRESSIVENESS

The last set of experiments was aimed at measuring the
aggressiveness of each protocol relative to the other two on a
congested network. This scenario could be assumed to exist
during the transition period where various end hosts on the
network would use different TCP protocols. The network con-
figuration of this scenario is shown in Fig. 6. Twenty TCP
Reno connections, 20 TCP New Reno connections, and 20
TCP SACK connections (a total of 60 connections were gen-
erated using Netspec) simultaneously compete for the bottle-
neck link. Each connection generates 7.5 Mb/s of traffic load
contributing to a total link load of 450 Mb/s. The BER on the
satellite link during testing was 2.3 * 10~12,

From this scenaric we obtained the following results: TCP
Reno obtained an aggregate throughput of 35.558 Mb/s with
an average per-connection throughput of 1.777 Mb/s and a
standard deviation of (.271 Mb/s; TCP New Reno obtained
an aggregate throughput of 31.300 Mb/s with an average per-
connection throughput of 1.565 Mb/s and a standard devia-
tion of 0.181 Mb/s; TCP SACK obtained an aggregate
throughput of 50.716 Mb/s with an average per-connection
throughput of 2.536 Mb/s and a standard deviation of 0.270
Mby/s. These results indicate that when the three protocols
compete simultaneously on a stressed congested ATM net-
work, TCP SACK is slightly more aggressive than TCP Reno
and TCP New Reno. This kind of behavior is also discussed
in [11, 18]. The same scenario was carried out under no con-

gestion. In this case each source was generating 2 Mb/s con-
tributing to a total network load of 120 Mb/s. In this case
TCP Reno obtained an aggregate throughput of 38.207 Mb/s
with an average per-connection throughput of 1.910 Mb/s,
TCP New Reno obtained an aggregate throughput of 36.920
Mb/s with an average per-connection throughput of 1.846
Mby/s, and TCP SACK obtained an aggregate throughput of
37.146 Mb/s with an average per-connection throughput of
1.857 Mb/s. Thus, when there is no congestion on the net-
work, the three protocols are equally {approximately) sharing
the available link bandwidth.

CONCLUSIONS

In this article we experimentally evaluated the performance,

efficiency, fairness, and aggressiveness of TCP Reno, TCP

New Reno, and TCP SACK end hosts on ATM networks over

high BDP networks. We also compared throughput obtained

from experimental scenarios over the local ATM network,

AAL WAN, and ACTS. The results of this study indicate:

* In high BDP networks, performance is affected by the
inherent latency due to the speed of light impairment
and the distance between the end hosts, as well as the
probability of bit errors on the specific link. However,
TCP over ATM, with different enhancements to TCP
(TCP Reno, TCP New Reno, TCP SACK) can achieve
high throughput over satellite links.

* Throughput results of TCP extensions for high-perfor-
mance end hosts on ATM/SONET networks over LANS,
WANS, and satellite environments with very low BER
and high-speed channels (e.g., ACTS) are similar to each
other independent of the large differences in path laten-
cies they exhibit.

* In cases where noisy (with high BER) high-speed satellite
links are established, throughput obtained by TCP Reno,
TCP New Reno, and TCP SACK end systems is very low,
showing that none of the tested TCP protocols are able
to recover under these conditions as expected.

+ When traffic sources are competing for the same link and
no traffic shaping is used, throughput drops dramatically.
Throughput degradation is much worse in the high BDP
environments as expected, because of the larger time
needed to recover from losses. TCP SACK is more effi-
cient than TCP New Reno and TCP Reno since it is able
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to achieve better channel utilization. The worst channel
utilization is achieved by TCP Reno.

« Traffic shaping at the user layer will help to achieve high-
er peak values of throughput compared with unregulated
transmissions from the traffic sources under congestion
conditions.

« When multiple simultaneous connections with the same
TCP protocol are competing for the bottleneck link, TCP
New Reno is the most fair, while TCP SACK is the least
fair but the most efficient.

 Under a hybrid environment with all three TCP protocols
competing for the bottleneck link, TCP SACK was found
to be slightly more aggressive than TCPF New Reno and
TCP Reno. Unfortunately, we cannot generalize on this
observation, since all connections where generated by
only three physical workstations. Therefore, it is hard to
say whether operating system issues had some effect en
the results. Further work is needed to address this issue.
Under the same environment but with no congestion
present, all protocols share the available bandwidth
about equally.

* The experimental results reported here confirm perfor-
mance predictions based on simulation studies [11, 17, 18],
Further investigation with these protocols must be car-

ried out with different traffic flows (MPEG, FTP, Web,

videoconference, voice) in order to study the effect of TCP
extensions on delay-sensitive traffic on stressed ATM high-

BDP networks.
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