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The IEEE 802 standard for local area network based on Carrier Sense
Multiple-Access with Collision Detection (CSMA/CD) operates at a peak rate
of 10 Mb/s on a cable of maximum length 2.5 km using baseband signaling.
In many situations, larger channel rates are required over a much larger area.
However, the efficiency of the CSMA/CD access method decreases rapidly if
either the length of the cable is increased for a fixed bit rate or if the bit rate
is increased for a fixed cable length. In this paper, we propose a broadband
network for computer communications containing several CSMA/CD-type
systems, each operating in a different frequency band. In addition, in order to
have a wide area access, while minimizing the loss of performance associated
with large collision delays, terminals in a small given geographical area are
given one of the frequency bands for transmission. Two access protocols are
developed. Using these schemes, it is possible to increase the channel through-
put and the access area and to reduce the collision delay. We present a
simplified analysis to quantify the improvement in performance using our
schemes.

I. INTRODUCTION

Local Area Networks (LANs) share computing and other resources
among many users and, if properly designed, increase the reliability
by reducing the dependence of a user on one processing unit or a
peripheral. Unlike long-haul networks, where channel utilization has
to be optimized owing to high cost of communication over long
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distance, local networks use bandwidth somewhat extravagantly to
reduce the switching costs. Several network topologies, such as rings,
buses, and trees, have been proposed along with access methods such
as carrier sense, token passing, etc."?

The IEEE 802 standard for local area networks uses CSMA/CD
(Carrier Sense Multiple-Access with Collision Detection) as one of its
access methods.® It uses baseband transmission on coaxial cables
(although other media are possible) at a peak rate of 10 Mb/s. For a
variety of reasons, length of the cable (and therefore length of each
segment of the network) is limited to 2.5 km. Within the limitations
of the above parameters, the CSMA/CD-based access method provides
an efficient means of computer communication for low loads on the
channel. However, if the channel loading is increased, or if the require-
ments dictate either higher bit rates or longer cable lengths—for
example, to serve a metropolitan area—there is considerable loss of
efficiency. Much of this inefficiency comes from the use of the CSMA/
CD protocol. In CSMA/CD, a source transmits a packet when the
channel is sensed as idle, but this injection of the packet can be known
to the other sources only after it has propagated throughout the length
of the cable, during which time another source may attempt to transmit
on the channel. Thus, the number of bits wasted due to collision is
proportional to the propagation delay and the peak bit rate. Also, the
need to detect collisions makes it necessary that each packet have a
duration equal to at least the round-trip delay. With very large nets
and high bit rates, that may represent an unreasonably large minimum
number of bits.

Baseband CSMA/CD has been extended to broadband CSMA/CD
by several CSMA/CD networks, each in a different frequency band
put on the same cable (see, for example, Ref. 4). However, each of
these networks operates almost independently, connected usually by
a signaling channel. Also, the cable length limitation still applies,
making it difficult to use for a metropolitan area. In this paper, we
propose schemes that extend the capabilities of both the baseband and
the broadband CSMA/CD networks by allowing higher bit rates on a
cable, larger cable segments, and at the same time smaller collision
delays. We do this by dividing the available bandwidth of the cable
into several frequency bands and operating a network (or channel) in
each frequency band. Since coaxial cables can easily carry up to 400
MHz, several networks can be accommodated on one cable rather
easily. By modulating the baseband data from devices connected to
the network to a high-frequency band, total channel bit rates of higher
than 50 Mb/s can be obtained easily. However, since the bit rate of
each of the nets is kept low, channel inefficiency due to the use of
CSMA/CD protocol is not increased. To increase the length of the
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cable segment, and at the same time limit the collision delay, we divide
the users into communities based on their location and give each user
community a network (i.e., one band of frequencies) to transmit most
of the time. Thus the “effective” end-to-end delay is reduced although
the cable length is increased. The principal characteristics and advan-
tages of our system are the following:

1. Larger channel throughput by using multiple frequency bands.

2. Larger cable length but smaller collision delay by dividing the
cable into several parts and operating a network in a given frequency
band for each part to be used by a user community, while retaining
the listening ability on the full cable length.

3. Complete connection of users between any network.

4. Different grade of service, depending on the complexity of net-
work interface.

5. Restricting most of the high-speed processing to the analog
domain and baseband processing to digital domain. Thus, although
the network may have channel throughput over 50 Mb/s, individual
networks may carry at much lower bit rates.

We describe the system in more detail in the next section, and we
develop two protocols for access. A crude analysis is presented at the
end to bring out some of the trade-offs for our system.

1. SYSTEM DESCRIPTION

In this section, we describe one possible implementation of our
system. A block diagram is shown in Fig. 1. Each terminal has a
frequency-agile Radio Frequency (RF) modem that can modulate
binary data for transmission on the cable and demodulate the signal
from the cable to extract the transmitted binary data. Unlike long
distance transmission, since. the intent is not to maximize the data
transmission rate, simple inexpensive modulation schemes can be
chosen with enough separation between the various frequency bands
to keep the filtering simple and to reduce the crosstalk. As an example,
if modems based on Frequency Shift Keying (FSK) with 1/4 bit/Hz
are used, then a cable of bandwidth 300 MHz can support six CSMA/
CD networks of peak rate 10 Mb/s each with a guard band of 10 MHz
to separate each of them.

Our block diagram in Fig. 1 shows bidirectional transmission, that
is, signals injected on the cable at each tap travel in both directions
and the amplifiers are bidirectional. It is necessary for the taps to be
bidirectional so that they can receive signals from either direction.
Although this is a straightforward extension of the baseband CSMA/
CD network, bidirectional amplification and taps may present engi-
neering difficulties, particularly at high frequencies. Alternative de-
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Fig. 1—Single cable system for multiple CSMA/CD networks.

signs using cable-television-type systems and technology are described
in Ref. 5.

In Fig. 1, there are two networks (called Homenets) and therefore
two frequency bands. The transmitter can, by the agility of the modem,
transmit on any of the two frequency bands, and the receiver can
receive and demodulate data from both the frequency bands. Termi-
nals attached to homenet 1 transmit mostly on frequency band f1 and
those attached to homenet 2 transmit mostly on frequency band f2.
If several simultaneous conversations with terminals on different
homenets are required (as in the case of a host computer), then a
terminal may need multiple transmitters and receivers. Details of the
protocols for the access are given in the next section.

Ill. THE ACCESS PROTOCOLS

Below we give two types of access protocols; the first does not
require synchronization of the different terminals, whereas the second
does. Some desirable characteristics of any protocol should be noted
first. The access delay should be decreased by scheduling the trans-
mission on a net that is either least busy or has the least chance of
collision. The load on the different networks should be distributed
such that a situation does not arise in which many terminals are trying
to transmit on a network and are unable to do so, while the rest of the
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Fig. 2—Homenet assignments based on spatial distance.

networks are carrying a very light load. In carrier sense multiple-
access systems, collisions are a result of the terminals knowing the
transmission by other terminals only after the propagation delay.
Therefore, by requiring all the terminals that are close to each other
to initiate their transmission on a particular network, the collision
delay can be reduced considerably. Thus, in both the protocols, each
terminal is assigned to a particular network. This network is called
the Homenet of the terminal. Homenet assignment is included as a
part of the address of the terminal. Each terminal maintains a list of
the homenet assignments of thé other terminals. The homenet assign-
ment, although made primarily by geographical location, may also
take into account the desired connectivity, traffic patterns, etc.

Figure 2 shows a system in which there are two homenets and three
terminals per homenet. The transmission initiated by any of terminals
1, 2, and 3 is mostly on homenet 1, whereas the transmission by
terminals 4, 5, and 6 is on net 2. Since net 1 and net 2 are on two
different bands of frequency, the collisions are now localized. That is,
data from terminal 1 can only collide with data from terminals 2 and
3. Since the distance between the taps on the cable of terminals 1, 2
and 3 is much shorter compared with distance between the taps of
terminals 1 and 6, the probability of collision and, therefore, of data
wasted due to collision is significantly reduced. This increases the
channel utilization and decreases the delay. Of course, the protocols
must and do allow communication between the terminals on different
homenets.

3.1 Protocol 1

The flow diagram for this protocol is shown in Fig. 3. The details
follow. .

1. Every terminal has at least two receivers and, therefore, is capable
of listening to at least two networks. One of these receivers always
listens to the homenet. The other receiver is free to listen to any net.

2. An inactive terminal has one of its receivers listening to its
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Fig. 3—Flow diagram for a transmitter working on protocol of Section 3.1.
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homenet. The other receiver of that terminal becomes active only after
the first receiver starts listening to a network other than its homenet.

3. Any terminal A desiring to transmit to terminal B goes through
the following sequence.

a. Determine the homenet of B, say it is net;.

b. Listen to net, before transmitting.

c¢. If net, is idle (i.e., absence of carrier), transmit net, carrier for a
period T, the two-way propagation delay through the total network.
This amounts to a priority preempt on net,.%*

d. If during the second half of the period T there is collision on
net,, then it implies a preemptive transmission from another terminal,
not on net,. In that case, terminal A backs off and attempts a
transmission on net, with reduced probability at the next time slot of
T. If there is no collision, then terminal A follows its preempt with a
message to terminal B.

e. Terminal B always has one receiver listening to net;; therefore,
it receives information from every collision-free packet on net;.

f. If packet communications is to be continued, then terminal A
starts listening on net,, terminal B on net,, and both terminals
transmit on their homenets. Thus, if a message has several packets,
only the first packet may be transmitted on a homenet different from
the homenet of the source; all the subsequent packets are transmitted
on their own homenet with standard CSMA/CD protocol with retrial
period equal to round-trip delay of the homenet.

g. If at step e terminal B is already in communication with some
other terminal on a different network, then it still has a receiver on
net,. If terminal B’s transmitter is on net, (as it normally is, except
when it is trying to set up an initial connection with a terminal on a
network other than net;), even if it is in communication with some
other terminal, it can send an acknowledgment back to terminal A on
net;. If, however, Terminal B’s transmitter is transmitting on a
different channel, there may be delay in sending the acknowledgment.*

h. If after successful connection there is no communication for
a given amount of time and if the receiver on the homenet receives
a message for communication from another source, then the
other receiver of both the home terminals go back to their respective
homenets.

* Alternatively, there could be a signaling channel in a different frequency band
accessed by all the terminals, and the first packet could be transmitted on the signaling
channel. This alternative is attractive for a large network, since it confines collision to
a common homenet and, hence, does not constrain minimum packet length. With the
utilization very low and the network large, the most appropriate protocol on the signaling
channel would be ALOHA.

TIf several simultaneous conversations are required, then a terminal may need
multiple transmitters and receivers.
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i. Many different broadcast modes are possible. If the broadcast to
only the terminals in the particular homenet is desired, then data is
transmitted on that network only. However, if broadcast is required
to all the terminals, then the transmitter has to successfully transmit
on each network.

3.2 Protocol 2

The above protocol is reasonable in that it reduces collisions and
works well when the traffic is quite bursty, with many terminals
trying to transmit messages containing large numbers of small packets
frequently. However, when there are large file transfers, use of the
homenet by a terminal prevents other terminals with the same
homenet from using the channel even though the other networks may
be idle. Thus, a reasonable protocol is needed that will share the
channels more evenly in the presence of large file transfers by one of
the terminals. Protocol 2 attempts to accomplish this at the cost of
slightly larger average delay in establishing a connection. In this
protocol, networks on which a given group of terminals begin trans-
mitting are switched on a periodic basis. The period is of the order of
several packets long (or tens of milliseconds). It thus requires a clock
at every terminal, which may be provided from a central clock on a
different band of frequencies. Details of the protocol are

1. As in protocol 1, terminals in a given geographical area are
grouped together. This grouping is made known to all the terminals
(similar to homenets).

2. A group has a homenet and an assigned transmission network.
The homenet is fixed, whereas the transmission net changes cyclically.
A terminal may, at any time, initiate a transmission only on the
transmission network to which its group is then assigned. Once initi-
ated, the transmission may spill beyond this fixed interval, since the
packet size is not fixed.* As an example, Fig. 4 shows the case of three
groups and three sectors of time.

3. A terminal has at least two receivers. When the terminal is idle,
both of them listen to the homenet. After establishing a connection,
however, one of the receivers switches to the network on which it has
established connection with the other terminal (and, therefore, the
network to which it listens changes cyclically) and the other receiver
remains at the homenet.

*In CSMA/CD the entire packet must be received and CRC checked before the
destination address is verified. Thus, if the entire packet is not received before the
period ends, the receiver may miss it. To overcome this problem, a separate CRC is
provided for the header information and a source terminal starts a transmission
sufficiently before the end of a period such that the destination is able to receive the
header information before the period ends. .
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NETWORK
3

Fig. 4—Protocol of Section 3.2. The assignment of group j terminals to net, is made
by rotating the inner circle at a given speed. The terminals in group j may initiate
transmission on net, if the group j pointer is in the sector corresponding to net;.

4. Terminal A, desiring to transmit to terminal B, goes through the
following sequence:

a. Determine the homenet of terminal B; let it be net,.

b. Wait for the time period when terminal A is allowed to transmit
on net;.

c. At that time, listen to net, before transmitting.

d. If net, is idle (during the assigned time slot), then transmit to
terminal B on net,.

e. If there is no collision, a packet is assumed to have been received
by its intended receiver. If there is a collision, terminal A ceases
transmission immediately and tries again, using a standard retry
strategy, but the additional constraint that its starting time must be
when terminal A is allowed to transmit on net,.

f. If communication is to be continued, then terminal B switches
one of its receivers to the net on which terminal A will be transmitting
(this will periodically switch), and terminal A will set its receiver on
the net on which terminal B will be transmitting.

g. If at step f terminal B is already in communication, then its
acknowledgment to terminal A will so indicate. ‘

h. If after a successful connection there is no communication for a
given amount of time, receivers of both the terminals go back to their
respective homenets.
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IV. ANALYSIS

In this section, we present a simplified analysis of the access protocol
described in Section 3.1. The assumptions follow those made by
Metcalfe and Boggs’ for a single CSMA/CD network. The symbols
used are
= Number of bits in a packet.
= Peak channel capacity.

Round-trip propagation delay.

Number of stations continuously queued to transmit a
packet; represents the total offered load.

Number of networks on the frequency-multiplexed cable.

11, Probability that a message from a source contains m pack-

ets.

The analysis is used first to calculate the delay versus the channel
throughput characteristics of a single CSMA/CD network operating
at a peak channel capacity of C. This uses the formulas given by
Metcalfe and Boggs. The extension is then made to the case of multiple
networks whose total capacity is (NC)/t, but is divided equally into N
networks. Number ¢ is assumed to be larger than 1. If t = N, then the
total capacity C is divided equally in N networks, each with capacity
C/N.1f t = N/2, then each net has capacity of 2C/N, adding to a total
of 2C.

Z oNaW
I

4.1 Single network

The average delay in sending a packet (including transmission time)
when @ stations are continuously queued to transmit a packet, is given
by

p
Dy ="+ TI(L = 1/Q'% - 1 ()
This assumes an optimum retry strategy. Since the Offered Load (OL)
is @ packets, in terms of bits it is given by

OL = PQ. (2)
4.2 Multiple networks

Here if a message from a source contains m packets, then the first
packet may be transmitted on a different network, but the subsequent
(m — 1) packets will be transmitted on the homenet of the source.
Thus, the total transmission time is divided into two parts: time to
transmit the first packet and time to transmit the remaining packets.
It is assumed for simplicity that the length of each homenet is the
same and it is 1/N times the total cable length. The following analysis
can be easily modified for other configurations.
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4.2.1 Time to transmit first packet

If the first packet of a source on homenet j is transmitted on homenet
k, then

Time for a packet = % + contention time. (3)
Assume that a source on the jth homenet has probability p;. of wanting
to communicate with a station on the kth homenet. Further, assume
that the number of stations is the same for all nets; distribution, II,,,
of packets is uniform for all messages; and {p;,} are a constant*
independent of j, k. Then the total traffic offered to the kth homenet
is

w=3, (4)
of which the offered load from out-of-net is
N-1
qr = N QI (5)
and from within homenet
,_ Q N-1
gqr = N 1 N II, J. 6)
Therefore the time per out-of-net packet is
P
Do = = + TI(1L = 1/ghy™ - 1] (1)

4.2.2 Time for subsequent packets

This transmission is on the homenet itself. Therefore, the time for

each packet is simply obtained by

tP T

==+ = [(1-g)%—1] 8

ct N (A —qd ] (8)
This neglects the traffic generated by first packets of terminals from
other homenets. It is assumed that the first packet is a small fraction
of the total message and does not result in any significant traffic.

4.2.3 Total time

Since the probability that a message contains k packets is II;, the
average time per packet is given by

* We have made no measurements of traffic on real systems to justify this assumption.
It is made only so that a closed-form expression can be derived for the delay. If other
values of pj are more realistic, they can be substituted easily in the equations that
follow.
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N tP

D, = — (D2 + qiDy) =

Q c
+ (N = DILT[(1 — 1/gh*% — 1]
N-1 T e
+ (1 - m) 5 [(1 = 1/giy= = 1], ©)

Thus the delay versus the offered load characteristic will be given by
D, versus OL.

4.2.4 Total time with Protocol 2

With Protocol 2, all packets are sent on homenet, and the delay for
optimum strategy is given as

tP T N\
D3—E+N|:(l——é> -1}

When II; is small, that is, messages consist on average of many
packets, then D3 and D, differ very little from each other.

4.3 Optimum N for multiple networks

It is possible to compute the optimum number of nets based on the
above expressions for average delay per packet. This can be done for
the case when @ (and Q/N) is large and the messages contain a large
number of packets, implying that the average delay per packet is
dominated not by the first packet, but by the subsequent packets.
From eq. (1), for single network, the delay is given by

Dy =+ T - 1/Q1~ — 1]

since

lim(1 + x/k)* = e*lim[D] = P +T [%1 - 1]
P Q-»x C e

= Ig + T(e—1). (10)
For multiple networks, the delay is approximated by
_t T - 1-Q/N _
D, = ct N (A1 - N/Q) 1]. (11)

If t = N, then the total capacity C is divided among N nets equally.
However, in most cases, the individual N nets may have a capacity
such that the capacities add up to more than C. Thus let t = N/s. In
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this case, each net has a capacity (sC)/N and the total capacity is
given by sC. The delay then becomes

NP T

D, = < N [(1 = N/@"¥ - 1].

(12)

For large (Q/N) (or small N/Q) we can expand D, as a function of
N/Q in Taylor’s series

NP T eN NP T Te
Dz——§5+ﬁ[e—§'§_1]_E+N(e_l)__' (13)

2Q
Minimum D, with respect to N is achieved when

_ sCT(e - 1)
N= \ / —p (14)

For some typical cases, the optimum N can be worked out as follows:

s =1, C = 10 Mb/s, T = propagation delay

seconds on a cable of length 2.5 km
(2.5 X 107°) .

2
P = 1000 bits;

in

then

N=<1—->N=1.

Thus with standard Ethernet* parameters, from the point of view of
average delay per packet, N should be 1.

s =1, C = 10 Mb/s, T = propagation delay in
seconds on a cable of length 20 km = (20 X
107%)/2 sec.

P = 500 bits;
then

N=2.

This implies that as the length of the cable increases, more networks
are required.

* Trademark of Xerox Corporation.
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s = 5, C = 10 Mb/s, T = propagation delay in
seconds on a cable of length 20 km =
(20 X 1075)
——— sec
2
P = 500 bits;

then
N =4,

This implies that if each net is operated at 12.5 Mb/s, adding up to
a total capacity of 12.5 X N Mb/s, average delay is minimized when
N=4.

4.4 Delay versus offered load plots

The average time per packet derived in Section 4.1 was evaluated
for a variety of cases and is plotted in Figs. 5 and 6. In all the cases, a

102

SINGLE NETWORK {10 Mb/s)

TWO NETWORKS
(EACH 5 Mb/s)

-~

~-——512 PACKETS IN MESSAGE

DELAY PER PACKET IN SECONDS

103 |-

1074 I | | i | I 1 1 L1 1 l
4] 4 8 12 16 20 24 28 32 36 40 44 48 52

LENGTH IN KILOMETERS

Fig. 5—Average delay per packet versus length of the cable. Performance comparisons
are made between two networks on a cable and a single net.
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z N
o 512 PACKETS IN MESSAGE
o
1073
1074 [ S (N SN NN NN SN N SR SN N

0 4 8 12 16 20 24 28 32 36 40 44 48 52
LENGTH IN KILOMETERS

Fig. 6—Average delay per packet versus length of cable. Comparison is made between
four networks on a cable and single network.

packet size of 500 bits was used. The curves in Figs. 5 and 6 are for
Q = 200, that is, 200 packets are continuously queued. It is assumed
that a message has 512 packets, that is,

Iy =, = ..., = IIse = 1/512; I, =0, k=513, ---.

As expected, the delay increases with length, and depending upon the
other parameters of the network, the delay corresponding to multiple
network becomes smaller than that corresponding to single network
if the length is increased beyond a certain value. Figure 7 shows the
variation of the average delay with respect to number of networks.
The capacity of each of the nets is equal and is such that the total
capacity of all the nets adds up to capacity of the single network. We
find that, as expected, for the parameters chosen in Fig. 7, the average
delay does show a minimum around N = 4. This verifies our approxi-
mations of the previous section.
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NUMBER OF NETWORKS

Fig. 7—Average delay per packet versus number of networks. Each network has a
capacitlj{/ of C/N, where N is the number of nets and C is the capacity of the single
network.

V. CONCLUSIONS

We have described a broadband local area computer network. It
consists of several local area networks whose data is frequency multi-
plexed on a single cable. The entire cable length is divided into parts;
each part is assigned a network and a frequency band for transmission.
We have also described two protocols that overcome some of the
limitations of the present baseband as well as broadband CSMA/CD
networks. Using our schemes, it is possible to increase the channel
throughput and the length of the cable network, reduce the delay due
to collisions, and at the same time allow complete connectivity among
all the terminals and devices logged into any network. Approximate
analytical results are also presented to substantiate these claims.
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