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Figure 9.35 INTELSAT digital transmission standards for Europe. (a) Terrestrial PCM
multiplex. (b) High-rate frame.

frame is calculated as follows:
RoT
R 3
T R, .31
2,048 x 10° x 2 x 1073
120.832 x 10°

= 33.9 ps
To obtain the total duration of a traffic burst, the time used for the preamble must

be added. If the preamble contains S symbols, then assuming QPSK modulation,
the total length of the traffic burst measured in number of symbols, Sy, is

RoT
Sy = ——2‘1— + Sp (9.32)
520 Multiplexing and Multiple Access  Chap. 9

PR

and the burst-time duration is

. 281
Ir = R (9.33)

If the preamble contains 300 symbols, then
2. 6 x 2 x 1073
Sy = 048 x 10° x 10 + 300
2
2348 symbols
Using this in Equation (9.33), we obtain

2 X 2348
120.832 x 10°

Tr = = 38.9 us

9.4.4.3 The High-Rate TDMA Frame for North America

The INTELSAT TDMA burst (bit) rate of Ry = 120.832 Mbits/s was chosen
to be compatible with both the European and North American standards. Figure
9.36 is similar to Figure 9.35 except that the PCM multiplex signal is the 24-channel
T-Carrier instead of the 30-channel European standard. The essential T-Carrier
features that are different from the European standard are listed below and are
shown on the figure.

1. Each Nyquist frame is comprised of 24 channels or samples X 8 bits + 1
frame alignment bit = 193 bits,

2. The 16 Nyquist frames contain 16 X 193 = 3088 bits.
3. The T-Carrier data rate is 1.544 Mbits/s.

4, The duration of the traffic data field in the high-rate TDMA frame is cal-
culated from Equation (9.31).

1.544 x 10% x 2 x 1073
120.832 x 10°

= 25.6 ps

Th— =

9.4.4.4 INTELSAT TDMA Operation

At the transmitting earth station, the continuous low-rate data stream enters
one of a pair of buffers illustrated in Figure 9.37a. When one buffer is filling at -
the low rate (1.544 Mbits/s or 2.048 Mbits/s), the other is emptying at the burst
rate (120.832 Mbits/s). The buffers alternate functions at each TDMA frame. The
time of application of the high-rate clock is controlled so that the traffic burst is
transmitted in the proper interval to arrive at the satellite in its assigned position
in the TDMA frame.

At the receiving station, the received traffic burst is routed to one of a pair
of expansion buffers, shown in Figure 9.37b, that have the inverse function of
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Figure 9.36 INTELSAT digital transmissions standards for T-Carrier. (a) Terrestrial PCM
muitiplex. (b) High-rate frame.

the compression buffers in Figure 9.37a. When one buffer is filling at the high
rate, the other is emptying at the desired output rate.

The most critical aspect of TDMA operation is the precise synchronization
needed to assure orthogonality of the time slots [20]. Figure 9.38 illustrates the
general idea behind most commercial satellite synchronization schemes. One sta-
tion is designated as the master or control station. This station transmits periodic
bursts of reference timing pulses. User stations also transmit their timing pulses,
designated as slave pulses in Figure 9.38. On the downlink, the using station
receives the master or reference pulses in addition to its own slave pulses. The
time difference between the master and slave pulses corresponds to the timing
error. The station adjusts its clock so as to reduce this timing error.

522 Multiplexing and Multiple Access Chap. 9

S

BUffer 1 Buffer 1
> ) Continuous
inuous w3
Conti Burst Burst b lOW-rate
low-rate = output input output
input
> Buffer 2 - Buffer 2
J | J }

Low-rate High-rate High-rate Low-rate
input clock output input clock output
clock clock
{a) (b)

Figure 9.37 Burst compression and expansion buffers, (a) Compression buffers at trans-
mitter. (b) Expansion buffers at receiver.

9.4.5 Satellite-Switched TDMA in INTELSAT

Modern communication satellites often employ several regional antenna beams.
For a satellite based over the Atlantic Ocean, separate beams might be aimed at
North America, Europe, South America, and Africa. Switches are used to allow
the interconnection of stations in one region to communicate with stations in
another region. The basic goal of a satellite-switched TDMA (SS/TDMA) scheme
is to provide an efficient way of cyclically providing interconnection of TDMA
data among various coverage regions.

~
L~
\\ \\ S\//// A \\
N QR o, A
Slave and A T/Q\“& ’@oosk
master pulses NI Dl;\
(downlink) 5= 5 3 ¢os\J\
2 < @ Q/'O A
e \//%\'8‘ //,,4,_\\
A ; / .

Earth station
{master terminal)

Earth station
{slave terminal)

Figure 9.38 TDMA synchronization concept.

Sec. 9.4 Multipte Access Techniques Employed With INTELSAT 523

General Access Solutions, Ltd., Exhibit 2023, Page 28 of 34




The heart of the system consists of a microwave switch matrix, locat
the satellite, that is programmed via ground control to change states cyclica
rapid sequence, thus interconnecting distinct uplink beams to distinct doy
beams at each switching time. An earth station in the network communicate
those in other beams by transmitting TDMA bursts in the proper timing POsitiong
in the sequence. The pattern of switch states is selected so as to maximize the

olink
S With

usable system capacity under the constraints of the traffic demands [21}, Foil

complete interconnectivity between N beams, a total of N! different satellite
switch states or modes are required. Table 9.3 illustrates the six modes requireq
for the full interconnectivity of a three-beam system.

In mode 1, the satellite receivers in beams A, B, and C are connecteq ¢,
the satellite transmitters for beams A, B, and C, respectively. An earth Statiog
in one of these beams can then communicate with other earth stations in the same
beam. The beam is said to be looped back on itself.

Figure 9.39 illustrates a three-beam (beams A, B, and C) example of a g/
TDMA system. The satellite microwave switch matrix is configured in a crosshgr
design. This design can be thought of as being made up of row and column lines:
when one row and one column are energized, contact is made at the intersection,
A crossbar design only permits a single row to communicate with a single colump
at a time. If uplink Ay is connected to downlink Bp, neither Ay nor By can be
simultaneously connected to any other beam.

In Figure 9.39, three different traffic patterns during time slot intervals T,
T2, and Ts, with three different switch states Sy, S, and Si are shown. During
interval Ty, switch state S, interconnects the beams in a loop-back fashion which
permits the uplink messages in slot T, to be delivered to their correct destinations,

During time interval T, switch state S; interconnects uplink beam Ay to downlink

beam Bp, uplink beam By to downlink beam Cp, and uplink beam Cy to downlink
beam Ap. This connection pattern assures that the uplink messages in siot T, are
delivered to their correct destinations. During time interval Ta, switch state S,
similarly connects uplink transmissions to downlink beams to assure correct de-
livery of the data.

The traffic patterns and their durations are programmed to optimize the
resource capacity and to serve the users as efficiently as possible, The cyclic
pattern can be reprogrammed by ground command to meet changing traffic
requirements.

9.4.5.1 Traffic Matrix

Figure 9.40 is a matrix describing the communication traffic among N spot-
beam coverages. In this figure, ¢; is the traffic volume from the ith beam to the
Jjth beam. The subtotal S; is the total traffic originating from the ith uplink beam,
expressed as

N

=3 4 (9.34)
=1

524 Multiplexing and Multiple Access Chap. 9

edin
lly ip

TABLE 93 Three-Beam Satellite Switch Modes
Output
Input Mode 1 Mode 2 Mode 3 Mode 4 Mode § Mode 6
A A A B B C C
B B C A C A B
C C B C A B A

and R; is the total traffic received in the jth downlink beam, expressed as

When the traffic in a SS/TDMA system is controlled by a nonblocking switch
(one that allows for the transmission of @/l messages, without any ‘‘busy’’ signals)

Time
slots

N Y /
N ~ switch /
\'z\ P %S control /
\\ & station /

N
RJ:_EIU

fe ]

(9.35)

Frame
period
PEPL bt

Beam By \\ NERNY 2 Satellite AN / Beam Bp
N Frame
, -
Beam Cyy E*pernod Beam Ag
p— _- ml r"x :
Transmitting ‘ ; i Receiving

earth terminals | 32380 - ]

" Legend

To A
- D7 7os
- BB 1oc

Sec. 9.4
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4

Switch states
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Figure 9.39 Satellite-switched TDMA (SS/TDMA).
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a k-second time slot will be assigned to each channel in the TDMA frame. For
efficient utilization of the CR, the total traffic in Figure 9.40 should be transmitted
within a frame time 7 which should be made as short as possible. The minimum
frame time, Tmia, for providing such nonblocking connectivity can be expressed
[22] as follows:

Trmin = k max ({S3}, {R;}) (9.36)

where max ({S;}, {R;}) is the maximum value taken over the set of all {S;} and
{RJ-}. Equation (9.36) describes the minimum time to communicate all of the traffic
mn the traffic matrix, for equal bandwidth per channel.

9.5 MULTIPLE ACCESS TECHNIQUES FOR
LOCAL AREA NETWORKS

A local area network (LAN) can be used to interconnect computers, terminals,
printers, and so on, located within a building or a small set of buildings. While
long-haul networks use the public telephone network for economic reasons, LAN
designers usually lay their own high-bandwidth cables. Bandwidth is not as scarce
as it is in the long-haul cases. Not being forced to optimize bandwidth, a AN
can use simple access algorithms [6, 25-27].

9.5.1 Carrier-Sense Multiple Access Networks

Ethernet is a LAN access scheme developed by the Xerox Corporation. The
Ethernet scheme is based on the assumption that each local machine can sense
the state of a common broadcast channel before attempting to use it. The technique
is known as carrier-sense multiple access with collision detection (CSMA/CD).
The word **carrier,” here, means any electrical activity on the cable. Figure 9.41a

526 Multiplexing and Multiple Access Chap. 9
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Figure 9.41 Ethernet bit field and PCM format. (a) Ethernet specification. (b}
Manchester PCM format.

illustrates the bit field format for the Ethernet specification; the details are listed
below.

1. The maximum packet size is 1526 bytes, where a byte is 8 bits. The packet
breakdown is 8-byte preamble + 14-byte header + 1500-byte data + 4-byte
parity.

2. The minimum packet size is 72 bytes, consisting of an 8-byte preamble +
14-byte header + 46-byte data + 4-byte parity.

3. The minimum spacing between packets is 9.6 ps.

4. The preamble contains a 64-bit synchronization pattern of alternating ones
and zeros, ending with two consecutive ones: (1 01010
10101 1.

5. The receiving station examines a destination address field in the header to
see if it should accept a particular packet. The first bit indicates the type of
address (0 = single address, 1 = group address); an entire field of ones
means an all-station broadcast.

6. The source address is the unique address of the transmitting machine.

7. The type field determines how the data field is to be interpreted. For ex-
ample, bits in the type field can be used to describe such things as data
encoding, encryption, message priority, and so on.

8. The data field is an integer number of bytes from a minimum of 46 to a
maximum of 1500.
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9. The parity check field houses the parity bits which are generated 1,
following generating polynomial (see Section 5.6):

X32+X26+X23+X22+X14+X12+X11_;_Xlu
+X8+X7+X5+X4+X2+X+I

y the:_

The Ethernet multiple access algorithm defines the following user action or
response:

1. Defer. The user must not transmit when the carrier is present or within the
minimum packet spacing time.

2. Transmit, The user may transmit if not deferring until the end of the packer
or until a collision is detected.

3. Abort. If a collision is detected, the user must terminate packet transmissigp
and transmit a short jamming signal to ensure that all collision participants
are aware of the collision.

4. Retransmit. The user must wait a random delay time (similar to the ALOHA
system) and then attempt retransmission.

5. Backoff. The delay before the nth attempt is a uniformly distributed random
number from 0 to 27 — 1, for (0 < n = 10). For n > 10, the interval remaing
0 to 1023. The unit of time for the retransmission delay is 512 bits (51.2 ps),

Figure 9.41b illustrates a 10-Mbits/s data stream with Manchester PCM for. o s
matting from the Ethernet specification. Notice that with such formatting, each o
bit cell or bit position contains a transition. A binary one is characterized by o

transitioning from a low level to a high level, while a binary zero has the opposite

transition. Therefore, the presence of data transitions denotes to all “listeners” = & - :
that the carrier is present. If a transition is not seen between 0.75 and 1.25bit ~ ©
times since the last transition, the carrier has been lost, indicating the end of a G

packet.

9.5.2 Token-Ring Networks

A carrier-sense network consists of a cable onto which all stations are passively Sk
connected. A ring network, by comparison, consists of a series of point-to-point =~
cables between consecutive stations. The interfaces between the ring and the Joe o
stations are active rather than passive. Figure 9.42a illustrates a typical unidi- &

rectional ring with interface connections to several stations. Figure 9.42b illus-

trates the state of the interface for the listen mode and the transmit mode. ln_ the 2
listen mode the input bits are copied to the output with a delay of one bit time. -
In the transmit mode, the connection is broken so that the station can enter its
own data onto the ring. The token is defined as a special bit pattern (e.g.

1111111 1) whichcirculates on the ring whenever all stations are idle. How

does the system ensure that message data do not contain a tokenlike sequence’
Bit stuffing is used to prevent this pattern from occurring in the data. For the 7

528 Multiplexing and Multiple Access Chap. 9 f:_
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Figure 9.42 Token-ring network. (a) Network. (b} Listen and transmit modes,

8-bit token example shown, a bit-stuffing algorithm would insert a zero into the
data stream after each sequence of seven consecutive ones. The data receiver
would use a similar algorithm to dispose of the inserted bit following any sequence
of seven consecutive ones. The token-ring access scheme works as follows:

1. A station wanting to send a message monitors the token appearing at the
interface. When the last bit of the token appears, the station inverts it (e.g.,
111111 10).The station then breaks the interface connection and en-
ters its own data onto the ring.

2. As bits come back around the ring, they are removed by the sender. There
is no limit on the size of the packets, because the entire packet never appears
on the ring at one instant.

3. After transmitting the last bit of its message, the station must regenerate the

token. After the last data bit has circled the ring and has been removed, the

interface is switched back to the listen mode.

Contention is not possible with a token-ring system. During heavy traffic,

as soon as a token is regenerated, the next downstream station requiring

service will see and remove the token. Thereby, permission to transmit

rotates smoothly around the ring. Since there is only one token, there is no
contention,

>

The ring itself must have sufficient delay to enable a complete token to
circulate when all stations are idle. A major issue in ring network design is the
propagation distance or “‘length’ of a bit. If the data rate is R Mbits/s, a bit is
emitted every (1/R) microseconds. Since the propagation rate along a typical
coaxial cable is 200 m/ws, each bit occupies 200/R meters on the ring.
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Example 9.4 Minimum Ring Size

If an 8-bit token is to be used on a 5-Mbits/s token-ring network, calculate the mign-
imum propagation distance, d,, needed for the ring circumference. Assume that the
propagation velocity v, is 200 m/ps.

Solution
R = 5 Mbits/s
Time to emit one bit, #,:

1
R RV

Time to emit the 8-bit token, ¢,

8

I,=“——““‘5X ]065

Propagation distance for the 8-bit token:

dp =1, X vp

§us X 200 m/ps
320 m

9.5.3 Performance Comparison of CSMA/CD and
Token-Ring Networks

Figure 9.43 compares the delay-throughput characteristics of a CSMA/CD net-
work with a token-ring network. In each case, the cable length is 2 km, there are
50 stations on the network, the average packet length is 1000 bits, and the header
size is 24 bits. Figure 9.43a, the case where the transmission rate is 1 Mbits/s,
illustrates that under these assumptions, CSMA/CD and token ring perform almost
equally well. In Figure 9.43b, only one parameter has been changed as compared
to Figure 9.43a; the transmission rate was increased to 10 Mbits/s. The difference
for CSMA/CD is considerable; for normalized throughput, p < 0.22, CSMA/CD
performs better than token ring. However, for p > .22, token ring clearly man-
ifests better delay-throughput characteristics. To understand the reason for the
poor CSMA/CD performance in Figure 9.43b, let us review the definition of p,
described in Equations (9.17) and (9.19) and shown as

bx  p’

“RR
where p’ = b\ is channel throughput in bits per second and R is the channel
capacity (maximum transmission bit rate). As R increases, channel throughput
must increase accordingly for a given value of p. At higher channel throughput

rates a significant portion of the CSMA/CD transmission attempts ends in collision
[26].
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Figure 9.43 Delay versus throughput performance for CSMA/CD and token-ring networks.
(a) Transmission rate = 1 Mbits/s. (h} Transmission rate = 10 Mbits/s. (Reprinted with

permission from W. Bux, “‘Local-Area Subnetworks: A Performance Comparison,” IEEE
Trans. Commun., vol. COM29, no. 10, Oct. 1981, pp. 1465-1473. © 1981 IEEE.)

9.6 CONCLUSION

In this chapter we have outlined the concepts of resource sharing. The classical
approaches of FDM/FDMA and TDM/TDMA were discussed in some detail. We
also described a hybrid multiple access technique called CDMA, and introduced
some of the satellite multiple access techniques that became popular in the 1970s
and 1980s, known as multiple-beam frequency reuse and dual-polarization fre-
quency reuse.

We described the demand-assignment (DAMA) techniques in the context of
several versions of the ALOHA algorithm, and we considered several of the
multiple-access techniques employed with INTELSAT, such as FDM/FM,
SPADE, TDMA, and SS/TDMA. Finally, we examined two popular algorithms
used for local area networks: carrier-sense multiple access with collision detection
(CSMA/CD) and a token-ring network. The goals of the chapter were to introduce
an assortment of multiple access techniques rather than attempting a rigorous
treatment of any of them.
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ROBLEMS

9.1, Design an FDM signal set consisting of five voice channels, each in the frequency

range 300 to 3400 Hz. The multiplexed composite is to be made up of inverted
sidebands and is to occupy the spectral region from 30 to 50 kHz.
(a) Draw the composite spectrum, indicating individual spectrum and guard band

frequency locations.
(b) Draw a block diagram showing the heterodyning and filtering details and the

required local oscillator values.

9,2, A receiver is tuned to receive the lower sideband (LSB) of a radio-frequency (RF)

carrier wave with frequency, f. = 8 MHz. The bandwidth of the LSB signal is 100
kHz. The receiver employs a local oscillator (1.O) with frequency, fLo, for hetero-
dyning the received signal down to a lower intermediate frequency (IF). Assume
that fio > f., and that the IF amplifier is centered at 2 MHz. Draw a block diagram
of the heterodyning conversion, including the RF filter, the LO, and the IF fiiter.
Indicate the center frequency of each filter and typical spectra of the signals at
various points in the diagram.

9.3. Equations (9.13) to (9.15) demonstrate that the average message delay time for

TDMA is less than that for FDMA. Discuss the practical benefits of such reduced
delay in TDMA, as a function of frame time, for a satellite link with a one-way range
of 36,000 km. For what values of frame time can there be a significant advantage of
TDMA over FDMA?

9.4. A group of stations share a 56-kbits/s pure ALOHA channel. Each station outputs

Chap. 9 Problems

a packet on the average of once every 10 s, even if the previous one has not yet
been sent (i.e., the stations buffer the packets). Each packet is comprised of 3000
bits. What is the maximum number of stations that can share this channel, assuming
that the arrival process is Poisson?

9.5. A group of three stations share a 56-kbits/s pure ALOHA channel. The average bit
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rate transmitted from each of the three stations is Ry = 7.5 kbits/s, 2, = 10 Kbits/s. including both original and retransmissions. Each request is for a 12.5
: “he si i i ket. Find the normaris. slot.
= 20 kbits/s. The size of each packet is 100 bits/pac id malizeg . .
?ntlet;afﬁc on the channel, the normalized throughput, the probability of successfyy , (a) What is the normalized total traffic on the channel? ‘
otal tralil d the arri’val rate of successful packets. Assume that the artiva) o (b) What is the probal?lllty of a successful transmission on the first attempt?
transmission, an , {¢) Whatis the probability of exactly two collisionsbefore a successful transmission?
%roc.fesi }:;}I:gis:oi.r ¢ ALOHA access scheme, the normalized throughptis boungeg .13. Measurements of a slotted-ALOHA channel show that 20% of the slots are idle.
.6. Verl /y dah pth' maximum occurs when the normalized total traffic is equal tb (a) What is the normal?zed total traffic on the channel?
by 1/2e and that this (b) What is the normalized throughput?
0.5. . . ' ?
(a) Verify that Equation (9.24) is a valid probability density function (pdf) for , (¢) Is the channel underloaded or overloaded?

-ms duration

. d riable .14. Show that the sum of two Poisson processes, with rates A; and X, is also a Poisson
(b) (él.;lccrjlt:téiﬁeorr?e;,: of a discrete random variable having a pdf like the one givey process, with rate A, = A\; + \,. Generalize your result for the sum of # Poisson
” i processes.
lsnthutit;? no(lglr re)sult in part (b) is consistent with the claim that X is the average .15. A 10-MHz transponder is occupied by 200 identical carriers, half servicing stations
© kot anrivel rate f with G/T = 40 dB/K, the other half servicing stations with G/T = 37 dB/K. All
p .

Consider the pure ALOHA arrival scenario shown in Figure P9.1. The vertical arrows ' stations have a requirement to operate with a bit error probability of 10~°. The
- oo ket arrival times. N,, is the number of arriving packets in the time intery, s transpondgr Is power limited ur_1der this cqnﬁguratlon. .

indicate pac eh ot 2] indic’z;tes the interval , < t = f,. No.y is the number o (a) What is the maximum possible bandwidth for each carrier?

gf;i:/ilr;gTSZi’cl\;‘::tzlin (;; yT,,H], and 7 is the time duration per packet in seconds. The: ' (b) Suppose that each carrier has a bandwidth of 40 kHz, and the transponder is

! A . ired to service a group of larger (G/T = 40 dB/K) stations only. How many
: ivals are independent of each other. require J )
a\;er‘i/gé arrival rateS;isO)I\], 'fOArSt;iI?gi;}:ep?j;rof N, and N, , ~ statiens can the transponder handle? Will the transponder be power or bandwidth
(a) Write an expre " S - limited?
g i i hich user A's packet arrives. Express, in terms g ’ . .
(b) ﬁlet '?);n?(;fcli?eoih:/ tlar?:j i} Wl 1cthe probabilipt)y that user A’s transmission will'h (c) Repeat part (b) for the case where the transponder is to service a group of small
(] j n n+1»

(G/T = 37 dB/K) stations only.
successful. ’

3. A TDMA system operates at 100 Mbits/s with a 2-ms frame time. Assume that all

slots are of equal length and that a guard time of 1 s is required between slots.

(a) Compute the efficiency of the communications resource (CR) for the case of 1,
2, S, 10, 20, 50, and 100 slots per frame.

(b) Repeat part (a) assuming that a 100-bit preamble is required at the start of each

f slot. Compute the efficiency of the CR in terms of the desired information
" transmission.

(c) Graph the results of parts (a) and (b).
: . With reference to Equation (9.36):

e (a) Discuss the efficiency of the CR use if all S: and R; are equal.
Figure P9.1 :

(b) Discuss the effect of a few §; or R; being much larger than the majority, How
can the efficiency of the CR be improved?

(c) When are the distributions of S: and R; likely to be similar? Dissimilar?

- (@) Consider a token-ring network operating at a transmission rate of 10 Mbits/s over

a cable having a propagation velocity of 200 m/ws. How many meters of cable

is equal to a delay of 1 bit at each ring interface?

(b) If the token is 10 bits long, and all but three stations are switched off during
evening hours, what is the minimum cable length needed for the ring?

I
-

. LetN = N, + N1, where N, and N,.. are as dc?fined in Problem 9.8. Write a
expression for the pdf of N, and give an interpretation for N.

. Six thousand stations are competing for the use of a single slotted ALQHA chann\e
The average station makes 30 requests per hour, where each request 1s 1for one slat.
of 500-ps duration. Calculate the normalized total traffic on the channel. ' .

. Consider the arrival scenario of Figure P9.1; the location of the packet alrlval\;l:;
are permissible as shown under pure ALOHA, but not under 'slotted ALOHAA e
arrivals are permitted only at the discrete times 7;, where i = 0, 1, . .. . Assug

that the average arrival rate is A,. o .
(a) How would Figure ?9.1 need to be modified if slotted ALOHA is used? Ho

would the pdfs of N,, and N, .., change? ' B ;
(b) If user A’s packet ’;Irives at time T,, what is the probability of successfi

transmission? -
9.12. A group of slotted-ALOHA stations generate a total of 120 requests per sec

, c
534 Multiplexing and Multiple Access ~ Chap. ~ Chap.9 Problems 535

General Access Solutions, Ltd., Exhibit 2023, Page 34 of 34





