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SUMMARY OF VOLUME 2

TECHNICAL PROBLEM

Network Analysis Corporation's contract with the Advanced
Research Projects Agency in the area of Ground Packet Radio Tech-
nology has the following objectives:

. To develop routing and initializétion algorithms
for packet radio networks under general deployment
conditions.

¢ To develop flow énd stability control algorithms

and communication protocols.
: To evaluate and study performance tradeoffs of
hardware and software alternatives in the develop-

ment of the packet radio technology.

o To develop programs and study the reliability
of packet radio networks.

GENERAL METHODOLOGY

The approach to the solution of these problems has been the
simultaneous,

i Development of algorithms suitable for broadcast
radio networks.

. Development of analytical models for evaluation of
proposed algorithms ard protocols.

. Programming of the most promising algorithms and
design alternatives and performance of final eval-
uation using a large scale simulation of the packet
radio network.
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The following accomplishments are presented in this report:
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A hierarchical organization of communication protocols

in large networks has been proposed, and the functions
performed within each protocol level have been identified.
This protocol structure enables simple modifications

of headers when a packet traverses several nonhomogeneous
networks. The protocols of the packet radio network

have been classified into the structure proposed. ;

Hardware and software alternatives for the packet
radio technology have been compared by simulation
on the basis of relative global performance. The
major conclusions follow. Significant improvementé
in performance are obtained when the maximum number
' of packet transmission per hop is variable, rather | 8
f than constant. Devices with improved time capture :
| receivers result in a significant increase in network

throughput as well as improved stability characteristics.

A system whichk uses a header checksum in addition to i
the packet checksum performs much better than one
which uses a packet checksum only. For a 100 kb/s
low data rate channel, a good choice for the high
data rate channel is between 400 kb/s and 800 kb/s;
no significant gain is obtained beyond 800 kb/s.

Attt ettt I . .

Analytical models for several network configurations

have been developed. The models were used to determine

network stability and evaluate the significance of

; : various stability control procedures. Several levels
of stability control procedures, based on the analysis,

i have been proposed.
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e Efficient simulation programs for reliability analysis
of packet radio networks have been developed. The
reliability of packet radio networks was evaluated
for three different routing algorithms. Other factors
evaluated are: the transmission power of devices, the
number of packet radio stations, and the location of
stations.

DEPARTMENT OF DEFENSE IMPLICATIONS

The results of this report and previous NAC accomplishments
in the area of ground packet radio technology have long and short
term implications for the Department of Defense. In the long
term, the technology provides new capabilities related to fast
communication network deployment and mobile networks as well
as being an alternative cost-effective solution for applications
presently implemented with other technologies. 1In the short
term, the studies identified potential problem areas for which
capital investment will be beneficial in terms of improving
the technology and minimizing development time.

IMPLICATIONS FOR FURTHER RESEARCH

The major areas identified for further research include:
development of routing and initialization algorithms for_
mobile and for distributed packet radio networks, evaluating
arror correction schemes, and development of programs for
packet radio network design.
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¢ gre required in a data communication system:
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1. PACKET RADIO COMMUNICATION PROTOCOLS

1.1 HIERARCHICAL DATA COMMUNICATIONS PROCEDURES

An abstract "data communication system" consists of
"entities" which "transmit" and "receive" "messages" using
an abstract "channel” (Figure 1.1). Three types of procedhres

-

1. "Channel operation procedures",
2. "Channel validation procedures", and

1 "Channel initialization and maintenance

procedures".

The channel operation procedures allow entities to transmit
and receive messages to and from other entities via>the channel
(open loop). Channel validation procedures maximize the reli-
ability of communication on the channel by doing some or all of

the following:

Y. Guarantee that at least one copy of a message
sent from one entity to another in fact arrived.

2. Throw away duplicate copies of messages,

3. Guarantee that a "message" that is received
is the same as the one sent.

4. Regulate the flow of messages so that neither
the receiving entities, nor the channel are overloaded.

5. Maintain sequencing of messages, if necessary.




Gheziay dae

A e A b A b A e S U .

(1 enTiTy )

FIGURE 1l.1:

_(_"MESSAGE" )-.

R ENTITY )

"CHANNEL"

ABSTRACT DATA COMMUNICATION SYSTEM




Network Analysis Corporation

Finally channel initilization, monitoring, measurement and
maintenance procedures provide for the integrity of the channel.
Progressively, as modern data communications systems get
larger they get more complex. A profitable way of analyzing and
designing complex communication systems is hierarchically.
(Data communication systems can even be considered recursively
[POUZIN,1974]). When this is done, communication at one level in the
hierarchy is carried out using lower level communication systems 1
and in turn is used by higher level systems (Figure 1.2). : 4
To make all this more concrete, we turn to one possible implementa-
tion ‘of protocols in a Packet Radio System in the next section. For
other views of Packet Radio Networks see [KAHN, 1975], [FRANK,

‘.
BN MTRNGEIRA S~ psipsl ket

' 1975].
i The Packet Radio System described here differs in some ways
’ both in objectives and details of implementation from the actual

Packet Radio System being implemented by ARPA. The hierarchy we
define is topological; that is, in the network of channels and
switches which make up the system. Other partitions of communi-
cation procedures are possible and should not be confused with the
one proposed here. For example, the partition could be according
to levels of software in implementing computational devices,

> switching computers and the like; that is if a procedure "calls"

g another procedure the first is higher than the second in the hi-

erarchy. A hierarchy defined along these lines is usually a re-

: finement of a hierarchy defined in terms of communication function.

: In a hierarchally structured communication system not all the

validation functions need be performed at every level. Error

checking, acknowledgments, sequencing and flow contrbl are validation

functions which can be performed at every level of a communications

e AT N
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hierarchy. For acknowledgments, an end-tc-end acknowledgment at
the highest level gives the utmost confidence. However, in unre-
liable systems delay can be radically reduced by acknowledgment
verification at lower levels, thereby discovering errors more
quickly after they occur.

This tradeoff between the efficiency of end-to-end acknow-
ledgments at the highest level and the more responsiveness gained
by lower level validation procedures is nothing but a new form of
the throughput-delay tradeoff typical of virtually all communication
systems. In the Packet Radio context, this tradeoff has been an-
alyzed in [GITMAN, 1976].
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1.2 THE PACKET RADIO SYSTEM

We consider a Packet Radio System (broadcast data network)
designéd to provide local collection and distribution of data
over large geographical areas. The system should be economical,

reliable, secure, and conservative of spectrum.
This Packet Radio Network (PRNET) includes three logical

devices:
. Packet Radio Terminals,
: Packet Radio Stations, and
s Packet Radio Repeaters. (See Figure 1.3)

The Packet Radio Terminal consists of: (1) a device which
sends or receives digital data; this includes TTY-like devices,
CRT Terminals, sensors generating digital information, personal
digital terminals, digital voice terminals, display terminals
and computers - micro, mini, and maxi together with (2) an
interface to the rest of the Packet Radio Network.

The Packet Radio Station performs accounting, buffering,
directory, and routing functions for the overall system. In
some applications the Packet Radio Station will also be the in-
terface component ("Gateway") between the broadcast system and
an external point-to-point network (Figure 1.3). As such it
will have broadcast channels into the Packet Radio System and
link channels into the point-to-point network.

b e sl i o
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The basic function of the Packet Radio Repeaters is to pro-
vide a network for connection of terminals to one or more stations,

¥ g
LS A BN 5o “wisii s

thereby increasing the size of the area that can be served by a
station and providing paths to alternate stations to insure reli-
able communications.

The physical implementation of these logical devices is based
on the Packet Radio (PR) which is an RF transceiver together with a
microprocessor, operating system, and appropriate interfacing elec-
tronics. 1In their simplest manifestations a Packet Radio Terminal
is realized as a digital data I/O Device linked to a PR which acts
as the interface to the PRNET; the Packet Radio Repeater as a stand-
alone PR; and the Packet Radio Station as a minicomputer and a PR
acting as the interface to the PRNET. A PR can serve simultaneously
E | as a repeater and part of a terminal. The PR is & versatile and
’f? general radio data communication device in that its logical function
Ef can be easily changed by reprogramming the microprocessor.

The main fleatures which distinguish the Packet Radio System
from a point-to-point packet switching system (such as the ARPANET)

N et s,

are:

1. Devices in the system transmit packets by using
a random access scheme, and

o
A

4
-4
Z)
Z

2 Devices broadcast so that packets can be trans-
mitted to several devices simultaneously, and/or

& several packets can be simultaneously received by a
receiver because of independent transmissions of
several devices.

; These features make the packet radio technology particularly
‘7§ suitable for applications in which:
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1. Terminals are mobile, so that a broadcasting

mode is necessary-

2. Terminals are located in remote or hostile
locations where hardwire connections are not feasible.

3. Terminals have a high ratio of peak bandwidth
to average bandwidth requirements (because the
random access method allows the dynamic allocation
of channel capacity without centralized control).

4. Terminals require little communication bandwidth
so that hardwire connections are uneconomical.
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1.3 PACKET RADIO NETWORK COMMUNICATION PROTOCOLS

A broad classification of PRNET protocols is given in this
section. It is useful to classify protocols into hierarchy levels
and/or according to clearly defined functions, because it enables
one to associate a particular protocol (or function) with a hard-
ware and/or software module which uses the protocol. Protocol
classification also enables the design of non-overlapping sections
of the packet (or packet headers) and association of each section
with a function or protocol. This is particularly useful when a
packet traverses different media (networks) since by properly
placing the various headers, it enables one to strip off a header
which is no longer needed or add a new header when needed so as to
minimize packet overhead. Finally, protocol classification enables
one to assign hardware and/or software development responsibility to
different groups, minimizirg interfacing problems.

The protocols used by the PRNET communication devices can be
classified into three hierarchy levels associated with the travers-
ing of a packet over a single hop, over the PRNET, and between
processes of the end devices. These three levels can be further
subdivided into functions of operation, validation, and initializa-

tion and maintenance.

Level I: Inter PR Protocols
Level II1: Terminal -~ Station Protocols
Level III: Inter-Process Protocols

1.10
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The inter PR (Packet Radio) protocols'include all the
procedures applied to a packet from the time it is read out
of a PR buffer for transmission until the end of pécket trans-
mission and resetting of PR parameters, and the procedures
used from the time a packet is detected (including the detection
process) until the packet is written into a PR buffer and PR
parameters are reset. This level also includes the protocols
which govern communication between a terminal, station, or host
and its PR. In terms of the model depicted in Figure 1.1, the
transmitters and receivers are PR's and the channel is the or-
dinary broadcast channel used by the devices in the first case.
In the second case, the transmitting and receiving devices are
either a station, host, or terminal and a PR. The channel will
ordinarily be a wire.

The terminal - station protocols are concerned with the
efficient and reliable transport of packets between stations
and terminals, stations and repeaters, and possibly stations to
stations through the Packet Radio Network. Included are routing
functions, flow control in the Packet Radio Network, verification
of correct transmission, initialization and control, management
and measurement of network operation and performance. 1In this case,
the receivers and transmitters are terminals, hosts, or possibly
the associated PR's depending on the implementation itself. The
corresponding protocol in the ARPANET is where the transmitters
and receivers are the origination and destination IMP's (or TIP's)
in the communication, and the "channel" is the ARPANET itself. 1In
neither case does this level of protocol take any cognizance of
the mechanism by which the message traverses the hops or links with-
in the network.

1.11




AT P A ¢

Network Analysis Corporation

The inter-process protocols is the class used between the
programs or processes of the origination device and programs or
processes of the destination device; either of which or both may
be in the packet radio network. These protocols establish and
maintain the connection between the end processes, and include
the set of rules for the exchange of messages between the parti-
cular end processes. An example of such a protocol is the INTER-
NET protocol of Cerf and Kahn [CERF, 1974], [CERF, 1975). The
inter-process protocols are transparent to the packet radio repeat-
er and to the section of the packet radio terminal and station
which interface with the PRNET. Figure 1.4 shows schematically
the Protocol Levels for the PRNET.

Protocols are reflected in the packet as packet headers; the
term “"header" is used even though the information appears both at
the beginning and the end of the packet. It is logically most
consistent that the protocol information goes from.the lowest to
highest level from the outside of the packet to the inside. Figure
1.5 is a schematic of a proposed PRNET packet.

Ordinarily, in each of the three levels of hierarchy the "a"
part of the header includes such information as the size of the
packet, its type relative to the protocol 1eve13in question, and
possibly its position in a sequence scheme. Ordinarily the "b"
part contains a checksum for the appropriate level.

Let us briefly follow a packet from sending process to re-
ceiving process to see what happens to the header in transit. For
concreteness, we will assume that the sending process is in a PR
terminal and the receiving process is a host on the ARPANET. The
initiating process passes the text along with the Level TII head-
er to the terminal. The terminal may subdivide the text into
smaller packets and append the Level II header. The original
text (or piece of it) and the Level III header will appear to
the Level 1II protocol ‘as undifferentiated "text". That is, the
Level III header will not be recognized. Then the terminal
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attaches a Level I header corresponding to the protocol for the
interface between terminal, host, or station and its associated
PR. At the PR, the Level I checksum is verified if present, and
the old Level I header is taken off the packet and a new Level 1
header which will, in general, have a different format corresponding
to a Packet Radio hop - i.e., inter PR - is added. Eventually,
the packet(s) reach a gateway to the ARPANET. At this point, the
Level II header is replaced by the Level II header appropriate
to the ARPANET (also, the format of the Level I header changes to
the link protocol format of the ARPANET at this point). Finally,
the host is reached, the message reassembled and the Level III
checksum (if present) can be verified. Note that the Level III
checksum offers end-to-end validation; however, in general (espe-
cially if the packets are divided) the sum cannot be verified until
the very end of the transmission. If the PRNET turned out to be
very unreliable and the delay in the ARPANET very long (say because
of satellite channel delays), this could lead to very long expected
delay time. 1In this situation, one would certainly also want Level
I or Level II checksums.

If the headers corresponding to the different levels are con-
figured as in Figure 1.5, then each level checksum is not disturbed

by changes in lower level header fields.

Unfortunately, the idealized partition implied by Figure 1.5
is often very expensive in bits of header required. 1In practice,
many fields are shared by the various levels. For example, if
the headers of the various levels have a length known to each
level protocol only, one packet length field is necessary. It
can be shared by all levels.
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2. PERFORMANCE EVALUATION OF PACKET RADIO NETWORKS

"2.1 INTRODUCTION

The performance of the packet radio network can be improved
by software means (e.g., improved routing and communication pro-
tocols) or by hardware means (e.g., increasing the channel capa-
city in the repeater-station network or improving the capture of
receivers). A quantitative demonstration of the increase in system
capacity and/or the reduction in the delay for each specific improve-
ment enables more objective decision making regarding the means one
should choose. It is not the objective of this chapter to establish
absolute values of performance for the various system modifications
considered. Rather, the objective is to evaluate specific hardware
and software design alternatives. The various modifications are
compared on the basis of relative performance obtained by simulation.
The basic elements which define the system simulated and the criteria
used for comparison are presented in Section 2.2.

One of the characteristics of the packet radio network is that
packets which cannot be delivered within an assigned amount of
resources are discarded. This prevents lockups resulting from the
unavailability of repeater buffers on the one hand, and, on the other
hand, it reduces the possibility of local traffic instability when
random access schemes are used. Furthermore, there seems to be no
rationale in keeping the packet in the network for a long period of
time since another copy of same will be introduced via the mechanism
of end-to-end retransmission; the latter ends up competing with the
former for network resources. The Maximum Number of Transmissions
(MNT) per hop is a measure of the amount of resources assigned to a
packet for traversing in the radio network. In Section 2.3, we com-
pare network performance as a function of MNT and recommend MNT
values for practical networks ([NAC, 1975a].

2.1
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In Section 2.4 we compare the performance of the packet radio
éystem with Zero Capture receivers against a system with Perfect
Capture receivers. The objective is to determine whether improved
reception characteristics will significantly improve system per-
formance and to identify other properties resulting from improved
reception [NAC, 1975b].

An alternative way to improve reception is by using a check-
sum at the end of the packet header in addition to that used at
the end of the packet. The advantage gained by using the header
checksum is by being able to utilize the header information in
cases in which the portion of the header is correctly received
whereas the whole packet is received in error. The Hop-by-Hop
Acknowledgment (HBH Ack) scheme in the packet radio system is
based on the correct reception of a packet which is already stored
in the receiving device, when the packet was transmitted by a de-
vice closer to the destination. Hence, in cases in which it is a
packet with text, there is a higher probability for correctly re-
ceiving the header section than the probability of correctly re-
ceiving the entire packet. This is true in systems which use non-
slotted ALOHA [ABRAMSON, 1970] or carrier-sense multiple access
[KLEINROCK, 1975] schemes. The performance of packet radio systems
with and without a checksum at the end of the header are compared

in Section 2.5.
It has been demonstrated [FRANK, 1975) that a system with two
data rate channels, a low data rate for communication between ter-

minals and repeaters (or stations) and a high data rate for communi-
cation in the repeater-station network, performs significantly
better than a system with a single data rate channel. One of the
hardware design alternatives is to determine a proper value for

the high data rate, for a given low data rate channel. In Section
6, we attempt to answer this question by studying the performance
of the packet radio network as a function of the ratio of the high
to low data rate channels.

Sk
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2.2 DEFINITION OF THE SYSTEM AND PERFORMANCE MEASURES

4 A detailed description of the system simulated is given in
3 [NAC, 1974]. The basic elements which ‘define the system studied

are stated below:

o Common channel two data rates. A low data rate for
communication between a terminal and a repeater (or station),
: and a high data rate in the repeater - station network. A
L,- packet on the high data rate channel can interfere with a

] packet on the low data rate channel, and vice versa.

o The topology consisted of 1 station and 48 repeaters.

The connectivity was moderate, which resulted in a network

of many hops (up to 7). The location of repeaters and
stations and the radio connectivity are shown in Figure 2.1.
Terminals are introduced at random times and are placed in
random locations in the plane "covered" by repeaters and
stations. A terminal performs a short interaction of send-
ing and receiving a few packets and then departs from the
system. The rate at which terminals are introduced and the
amount of communication depend on the traffic offered to
the system and are controlled by parameters.

. The routing was hierarchical with restricted alternate
routing; the alternate routing enables only forward trans-
mission of a packet bypassing only one failed or busy re-
peater before returning to the established path [GITMAN,
1976)]. The radio links assigned for routing form a tree
structure. Figure 2.2 shows the structure of the network
studied. .

o The channel access scheme is non-persistent, non-slotted,.
carrier sense [KLEINROCK, 1975].

2.3
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. Other parameters used in these experiments are a
maximum of 3 end-to-end transmissions and a timeout of 60
slots (packet transmission time on low data rate) between
end-to-end transmissions.

The following are the performance measures used for system
evaluation and comparison:

. System throughput/system input rate. The throughput
includes the acknowleged information packets. Hence, the
above ratio is a lower bound on network performance.

. Percentage of total loss. The loss includes packets
of terminals which are blocked and packets which are not
delivered to the destination after the maximum number of

end-to-end transmissions.

p Delays. The round trip delay averaged over all packets,
independent of the number of hops from the station was used.

. Average buffer occupancy. The average number of
occupied buffers in the entire repeater network is another
measure used to compare the systems. More information about
buffer occupancy is shown in the form of the number of pack-
ets as a function of time.

The time scale used in this report is the transmission time of
an information packet on the low data rate channel, or a slot. If
it is assumed that the size of an information packet is 2,000 bits
and the low data rate channel is 100 Kbps, a slot time would be
20 msec. The size of short packets (ETE ack, search, response to
search) used in the simulation is 10% of an information packet. |
Similarly, the traffic rates are in percentages of the low data rate
channel; thus, a throughput of 30% means a throughput of 30 Kbps
of bits in information packets.
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RADIO CONNECTIVITY OF REPEATERS & STATIONS
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2,3 MAXIMUM NUMBER OF TRANSMISSIONS FOR REPEATERS AND STATIONS

In this section, we report on a study for evaluating network
performance as a function of the amount of resources assigned to
a packet. In the present implementation of the packet radio net-
work, the only parameter which determines the resources allocated
to a packet per end-to-end transmission is the Maximum Number of

Transmissions (MNT) per hop that a device uses before discarding
the packet. This is because the routing has the property of
being shortest path, the alternate routing is restricted (thus
one cannot limit the number of hops), and the packet does not
carry a time stamp which can be limited.

The system used for the study is that defined in Section 2.2,
with a 4 to 1 ratio of data rates, a zero capture receiver, and

-

a header checksum.

In the study, all system parameters were kept constant and
the performance was studied as a function of MNT. The values of
MNT used were: 3, 6, 9, 15, », and a variable number which was a
function of the number of hops from the station. For the variable
MNT the formula used was [10-(Hierarchy Level)]. Thus, the station
used an MNT of 9; repeaters one hop away from the station used the
value of 8, etc. The reason for this variable MNT assignment are
theoretical results showing that the average number of transmissions
before success increases with the traffic level, and previous simu-
lation results and analysis which demonstrated that the traffic bot-
tleneck is near the station and that the traffic level decreases
with the distance (in hops) from the station. The value of infinity
(») was used as a,reference value. It also simulates the case in
which packets are not discarded until successfully forwarded, as is
done in point-to-point store-and-forward networks.
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For each value of MNT, the system was run with two values
of offered rate: 15% and 30%. The number of terminals simulated
for the various testé\ranqed from 50 to 100. The average number
of hops of the terminals from the station (measured) was 4 to 4.5.

Table 2.1 summarizes the performance of all the simulation runs.
One can see that all the systems, apart from that with MNT = =,
perform well when the offered rate is 15%. The unsatisfactory per-
formance of the system with MNT = «» can also be seen in Figure 3,
where the throughput and buffer occupancy are shown as a function
of time. Although one can observe the same qualitative differences
for the 15% offered rate as the ones for 30% offered rates, the
absolute differences in performance seem to be too small to justify
conclusions. Hence, the runs with 30% offered rate are used for
comparison.

Figures 2.4, 2.5, and 2.6 compare the various systems in terms
of performance measures defined in Section 2.2 as a function of MNT.

The comparison of the system for all values of MNT demonstrates
that the variable MNT scheme shows much better performance in all
measures used. There is a large difference in performance between
the variable MNT and any of the fixed MNT cases. For example, the
average round-trip delay for the variable MNT case is 17.04 slots
whereas for other cases it is 34.12, 33.8, 39.0, 34.12, and 29.75
for MNT = 3, 6, 9, 15, and », respectively. Figures 2.7 through 2.9
show the throughput and buffer occupancy as a function of time for
the 30% offered rate. These figures immediately reveal the dif-
ference in performance.

The comparison of systems with MNT of 3 or 6 against systems 3
with MNT of 9 or 15, shows that the former perform better. The
only measure in which the system with MNT of 15 is better than

2.8
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that with MNT of 3 is the average round trip packet delay per hop
(8.12 vs. 8.66); however, this is obtained for a lower throughput
(22.91% vs. 27.75%, respectively). In all other measures drawn in
Figures 2.4 through 2.6, the performance of MNT of 3 or 6 is better
than that of MNT 9 or 15.

In comparing MNT of 3 and 6, neither case is uniformly better
than the other. The system with MNT of 3 shows better performance
in the ratio of throughput to input rate, whereas that with MNT of
6 shows better performance in delay.

It is somewhat surprising that the system with MNT of 15 per-
forms generally better than that with MNT of 9. However, the
difference on performance is small; furthermore, the comparison is
reversed in favor of the system with MNT of 9 for the runs with
15% offered rate.

As a final note, it is pointed out that the maximum throughput
obtained in these experiments is higher than what was previously
obtained with the same network topology and zero capture receivers.
In previous experiments [FRANK, 1975], a throughput of 27.5% was ob-
tained when the ratio of data rate was 5 to 1. The performance
obtained in this series of experiments with the variable MNT is
29.12% throughput at the relatively low average round trip delay
of 17.04 slots (approximately 340 milliseconds at 100 kilobits per
second and 2,000 bit packets). Other performance measures such as
the total loss and the buffer occupancy are also very good. This can
be seen in Table 2.1 and Figure 2.9. This implies that the capacity
of a single station packet radio network can be increased above 30%
when protocols are improved and the delay requirements are relaxed.
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2.4 PERFORMANCE OF PACKET RADIO SYSTEMS WITH ZERO CAPTURE AND
PERFECT CAPTURE RECEIVERS

This section reports on a simulation study for comparing the
performance of the packet radio system with zero capture and per-
fect capture receivers. In the model of the zero capture receiver,
it is assumed that if two or more packets overlap in time then all
of the packets are received with error. For the perfect capture
receiver model, it is assumed that the first packet detected by

the device will be received correctly. That is, if several packets
overlap in time, it is assumed that all the packets are received

with error, apart from the first packet. It is recognized that the
perfect capture model is not realistic (e.g., the power of the sig-

nals of overlapping packets is not taken into account). However,
it is suggested that the qualitative performance of an improved re-
ceiver will be similar to what has been observed for the perfect
capture model, and the quantitative results may be considered as

an upper bound on the improvements in performance that one may ex-
pect.

The system parameters, apart for the capture, were kept con-
stant throughout the study. The parameters which define the sys-
tem are stated in Section 2.2, a header checksum, the variable MNT
of the previous section, and a data rate ratio of 4 to 1.

The receiver of all devices, station, repeater, and terminals
was assumed to be the same; namely, either zero or perfect. The

Q, zero and perfect capture systems were compared for the following
offered rates: 15%, 24%, 30%, 36% and 45%. The number of terminals
simulated for the various tests ranged from 40 to 100, and the num-

ber of information packets end-to-end acknowledged ranged from 90

to 300. The average number of hops of the terminals from the sta-
tion (measured) was 3.9 to 4.5.
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Table 2.2 summarizes the performance of the simulation runs used
for comparison of the systems. Figure 2.10 shows the system throughput |
as a function of the traffic rate offered to the system, for the zero

capture and perfect capture receivers. Figure 2.11 compares the two
systems in terms of the average round trip delay, again as a function
of the offered'rate.

Observing the throughput curves, one can see the following two
regions. When the offered rate is less than 30% (approximately), the

U AN AT O e Mt i s e 1 e B AR I

two systems perform well and each is capable of delivering the offered
traffic rate. For example, when the offered rates were 24% and 30%,
the zero capture system delivered 22.46% and 29.12%, and the perfect
capture system delivered 18.80% (note that the input rate was low,

19.68%) and 28.48%, respectively. Considering the same offered rate
interval in the delay curves (Figure 2.11) shows that the performance

of the perfect capture system is significantly better than that of

the zero capture system. For the offered rates of 24% and 36%, the

average round trip delays were 15.21 and 17.04 for the zero capture

system, and 8.13 and 8.02 for the perfect capture system, respectively.
When the offered rate is greater than 30%, one can see from

Figure 2.10 that the throughput of the zero capture system decreases,

whereas that of the perfect capture-system increases (although at

a slower rate). Hence, the performance of the system with perfect

cap¥ure receivers is superior to that with zero capture receivers

both in throughput and delay for "high" offered rates. 1In Figure 2.11,

one can see that the difference in delays between the two systems

increases as a function of the offered rate.

Figure 2.12 shows the ratio of throughput to input rate as a
function of the offered rate. This measure can be used to demon-
strate the rate of performance degradation. It can be seen that

{ 2.19
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the perfect capture system degrades "gracefully” whereas in the

zero capture system there is a relatively fast degradation above
the offered rate at which its maximum throughput is obtained.
This essentially implies that a system with zero capture receivers

must have more sophisticated stability control procedures and that
it should be designed to operate below its maximum throughput.
As a final comparison note, the self-regulation of the input
rate is considered. From Table 2.2, one can see that when the offered
rate is above 30%, the difference between the offered rate and the

input rate for the zero capture system increases, whereas for the
perfect capture system there is no significant trend. This seems
to indicate that the zero capture system has an inherent control | 4
over the input rate and would tend to block terminals when the
system is locally overloaded.

Figure 2.13 shows the average buffer occupancy in the entire

repeater network. There are no significant differances and no
conclusions are made. Figures 2.14 through 2.18 show the throughput
and total number of packets stored in repeaters as a function of
time for the various offered rates.
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