820

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 41, NO. 6, JUNE 1993

The Tone Sense Multiaccess Protocol with Partial Collision Detection
(TSMA/PCD) for Packet Satellite Communications

Man-Keung Lo and Tak-Shing P. Yum

Abstract— The Tone Sense Multiaccess with Partial Collision
Detection (TSMA/PCD) protocol is particularly suitable for a
packet satellite system serving an area with a dense population
of earth stations. By incorporating a narrow-band ground radio
channel for broadcasting busy tones, the earth stations are able to
avoid packet collisions by sensing for the absence of busy tones
before transmitting packets. Besides, partial collision detection
capability can also be achieved. Single-tone TSMA/PCD gives
97% of the CSMA/CD throughput when N = 10 tones are used,
while for multitone and slot-by-slot announcement TSMA/PCD
protocols, only N = 8 and N = 2, respectively, are sufficient to
drive the system to the CSMA/CD performance.

I. INTRODUCTION

he main advantages inherent to satellite communication

are the broadcasting capability, the full connectivity of
stations, the flexibility of station organization, the capacity
to support mobile users, and the high transmission quality
[1]. It has long been thought that the CSMA-type protocols
are not suitable for packet satellite systems because of the
long round-trip propagation delay. However, if all the stations
accessing a particular satellite channel are confined to a
metropolitan area, the ability to sense the channel status before
transmission can be provided by incorporating a narrow-band
ground radio channel for the stations to broadcast busy tones
while transmitting packets.

In this paper, we propose an uplink multiaccess protocol
called the Tone Sense Multiaccess with Partial Collision
Detection (TSMA/PCD) for use in a packet satellite system
serving a zone with a dense population of earth stations.
The downlink could use TDM with statistical multiplexing
provided on board. If the satellite has multiple transponders
serving a number of zones, the routing of packets to and from
other zones can be done by the satellite.

The turning-on and turning-off of a busy tone make the
tone signal look like an on—off keying signal. Let the shortest
duration of a tone be denoted as a slot, and let its length be
7. Then the maximum bandwidth of the tone is 2/7 Hz. To
minimize the bandwidth occupied by the tone, 7 should be
as large as possible. For a slot size of 1 ms, the tone signal
bandwidth is about 2 kHz. Two or three tones thus occupy
about 4-6 kHz, a very small band in the VHF region. As in the
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slotted CSMA and CSMA/CD protocols [2], [3], the smaller
the slot size, the higher the throughput efficiency. But the
price to pay is larger terrestrial channel bandwidth. For a fixed
terrestrial channel bandwidth, one way to increase the satellite
channel efficiency is to increase the transmission duration.
This can be done by grouping a number of information units
together to form a larger packet. TSMA/PCD can provide
better delay performance and can support variable length
packets without additional complication when compared with
reservation techniques.

II. THE TSMA/PCD PROTOCOL

For convenience of analysis, we assume the system is
synchronized or slotted. We mentioned before that the slot
size is taken as the shortest duration of a tone, which in turn
is determined by the tone bandwidth requirement. Another
constraint on the slot size which is usually nonbinding is that
the slot size must be larger than the sum of the maximum
ground propagation delay between any two stations in the
system and the tone detection time Tcg [4]. With the slot
size so defined, all stations can know the presence of another
transmission in the system within one slot interval.

Packets could have variable lengths. But in the analysis, we
only consider fixed packets of length T slots. The round-trip
propagation delay on the satellite is R slots. We assume that
the combined arrivals of new and retransmitted packets form
the stations constitute a Poisson process with rate g packets
per time slot.

We assume that the satellite channel is noise-free (the noisy
channel case can be found in [6]), and in a packet collision, all
packets involved are destroyed. Acknowledgments (positive or
negative) are piggybacked on the downlink packets, and the
transmitting station can receive the acknowledgment R + 2T
slots later. When a busy tone is issued, it takes at most one
slot for the other stations to sense. If the other transmitting
stations are not sending the same busy tone, the collision can
be detected by all stations. Thus, if a collision is detected, the
maximum duration from the beginning of a transmission until
the channel is again idle is two slots. We also assume that the
tone channel has a high SNR so that the probabilities of miss
and false alarm are both zero.

A. Nonpersistent TSMA/PCD

A station with a packet ready for transmission will first
sense the ground channel. If it is busy, the station resenses
the channel after a random delay which is uniform on (1, K].
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If it is not, the packet is transmitted, and a randomly chosen
busy tone is broadcast.

If a collision is detected during the first slot, then: 1) the
packet transmission is aborted immediately 2) the tone is
terminated at the end of the first slot, and 3) the station resenses
the channel after a random delay (uniform on [1, K)).

If collision is not detected, the sending station waits for the
acknowledgment from the satellite. If a negative acknowledg-
ment is received, the station repeats the entire procedure.

B. 1-Persistent TSMA/PCD

The 1-persistent TSMA/PCD is similar to the nonpersistent
TSMA/PCD, except that when the ground channel is sensed
busy, a ready station waits until the channel goes idle and
transmits its packet immediately.

I1I. ANALYSIS OF NONPERSISTENT TSMA/PCD

A. Throughput

Let K be the maximum retransmission interval in slots, and
let N be the total number of busy tones from which a station is
allowed to choose randomly. A successful transmission period
is T + 1 slots. For an unsuccessful transmission period, the
length is either T+ 1 slots if collision is undetected or two
slots if collision is detected. We define a transmission period
and its immediate following idle period to be a cycle. In steady
state, let Ps be the probability that a transmission is successful.
Then Ps, the probability that there is exactly one arrival in
the slot immediately before the transmission period given that
there is at least one arrival occurs, is

ge™?

Ps = el

Next, let P, be the probability that a collision is undetected
given that a collision has occurred, let o be the probability
that k ready stations all choose the same tone for transmission
announcement, and let G, be the probability that k stations
become ready given that the number of ready stations is at
least two. Then P, can be evaluated as

oo oo 1 k—1 gke_g
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Hence, the expected duration of a transmission period E[T P)
is
E[TP)= (T +1)Ps+2(1 - Ps)(1 - P,)
+(T'+1)(1—-Ps)P,.

We include the slot containing the arrival in the idle period
I. Therefore,

1
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The channel throughput S is given by
PsT
S= .
ETP] + (1] @)
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Fig. 1. Flow graph of packet delay process, nonpersistent TSMA/PCD.

B. Delay

Under the Poisson arrival assumption and in steady state, the
distribution of busy and idle periods seen by an arrival is their
respective equilibrium distributions. Therefore, in steady state,
the probability that a packet arrives at an idle period P is

E[l

"= pwR - B

The probability of arrival at a busy period Pp therefore is
Pg =1-Pr.

We define the packet delay D to be the time elapsed
in slots from the moment of its first attempt until it is
successfully transmitted. Fig. 1 shows the flow graph [5] of
the packet delay process of nonpersistent TSMA/PCD. The
circles represent the states encountered by the packet being
transmitted. Specifically, we have the following.

1) S, is the starting state. With probability Py, the packet
will start from state S; and with probability (1 — Pr), it will
start from Sp. The transition from S, to either Sy or Sg is
instantaneous.

2) Sy indicates that the packet arrives at an idle period.

3) Sp indicates that either

a) the packet arrives at a busy period or

b) a collision is detected or

¢) acknowledgment for the packet is not received after
R + 2T slots (undetected collision).

4) Sk indicates that the packet is successfully transmitted.

At state Sy, the packet is transmitted immediately. If the
transmission is successful, the packet will enter Sg after
T slots with probability Ps. If transmission is unsuccessful
and collision is detected, which happens with probability
(1= Ps)(1—P,), the packet will enter Sp after two slots. If the
transmission is unsuccessful and collision is undetected (with
probability (1 — Ps)P,), the packet will also enter Sp, but
after R+ 27 slots. At state Sg, Scheduling for retransmission
is made. Since a retransmission attempt takes place randomly
at one of the next K slots and will encounter an idle period
with probability Pr, the packet will enter Sy after n slots
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1 < n < K with probability P;(1/K). The total “flow” from
Sp to Sy therefore is (Pi/K)(z 4+ 2% + -+ + zK) where 2
indicates ¢ slots of delays. The “flow” from Sp back to itself
is found by a similar argument.

The flow diagram indicates that the transition probabilities
from a particular state depend only on that state; hence, the
delay process is a transient semi-Markov process, with Sg
being the absorbing state. The duration of the packet delay D
is just the first passage time from S, to Sg. For simplicity,
let ¢ = (1 — Ps)(1 — P,). Then the following flow equations
are readily obtained from Fig. 1:

P K
I i
S[ZPISO-F?;ZSB
Sp = ¢z2S1 4+ (1 — Ps —¢)z"+%T g,
1- P s,
+ Ve ;ZSB"'(I_PI)SO
Sg = P,2TS;.

The generating function of packet delay Gp(z) is just the
transfer function from state S, to Sg or (see equation at
bottom of this page).

The delay distribution can be evaluated by numerical inver-
sion. The mean packet delay and delay variance are obtained
by differentiating Gp(z). Details appear in [6].

IV. ANALYSIS OF 1-PERSISTENT TSMA/PCD

A. Throughput

Let P,(X) be the probability that the collision is undetected
given that the present transmission is unsuccessful and the
length of the preceding transmission period is X, and let
~% be the probability that % stations become ready in the
preceding transmission period X given that the number of
ready stations is at least 2. The throughput analysis closely
follows the method given in [3], except that P,(X) is given
by the following instead:

oo oo k-1 k _gXx
_ _ 1 (gX)"e9-
) =am =3 5] e
k=2 k=2
_e_gX(NegX/N—N—gX) 4
T (1—e9X —gXe—9X) @

We refer the reader to [6] for the remaining details.

B. Delay

If a collision is detected, all stations involved will retry after
a random delay which is uniform of [1, K]. If the collision
is not detected, whether retranmission is needed or not is
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determined from the acknowledgment of the satellite after
R + 2T slots. The eight-state flow graph of the packet delay
process and the derivation of the mean and variance of the
delay can be found in [6).

V. MULTITONE TSMA/PCD

In multitone TSMA/PCD, stations broadcast a group of n
tones to announce their transmissions. These groups of n tones
are chosen randomly from a preassigned pool of N tones. A
packet collision is detected if the transmitting station senses
busy tones other than its own being broadcast on the ground
channel. For the same number of tones NN, the multitone
scheme yields a lower probability of undetected collision. For
the nonpersistent case,

0o k—1 k-

1 gte 9
P, :E — _
“ k:2<’6) k(1 —e=9 — ge—9)

B e—g(lgeg/ﬁ Sy - g)

T l—e9— ge~9 )
where 3 is equal to (V). For the 1-persistent case,
oo 1 k-1 (gX)ke,gX
Pu(X) = kg'z (75—) kN1 — e 9X — gXe—9X)
e~ 9X(BesX/B _ 3 — gX

1—e9X — gXe9X

The value of n that minimizes P, and P,(X) can be shown
to be at n = [N/2]. The throughput and delay analyses follow
exactly that of the single-tone case.

VI. SLOT-BY-SLOT ANNOUNCEMENT TSMA/PCD

The collision detection capability can also be increased by
using slot-by-slot announcements. In this scheme, instead of
continuously broadcasting the same busy tone for transmis-
sion announcement, a transmitting station rechooses a tone
(randomly from the set of N tones) to broadcast in each
slot. Thus, a collision is not detected after the nth slot if
and only if all transmitting stations choose the same tone in
slot 1, slot 2,---, and slot n. This probability is very small,
even for very small N. As before, if collision is detected, the
packet and tone transmissions are aborted immediately and
will retry after a random delay uniform on [1, K]. Note that
the minimum tone announcement duration should be equal to
the tone detection time, which is less than one slot. Here, we
choose the announcement duration to be exactly one slot for
convenience. In the following, we derive the throughput and
delay performance of the nonpersistent version.

Let Pp(n|k) be the probability that a collision is detected
in the nth slot from the beginning of a transmission given that

Gp(z)= 4 =

KP;Ps(1 - 2)27

So  K(1—2z)—2(1—2K)[1 - Py 4 cPr2? + Pr(1 — Ps — ¢)zB+2T] "
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there are k(k > 2) arrivals in the slot before the transmission

e8] 1)

:]\f_n(k_l)(Nk_l—l) n:],?,w',T.

Pp(n|k)

The probability that a collision is detected in the nth slot given
that a collision has occurred therefore is
gres

Pp = Z Po(k) k(1 —e 9 —ge9)
k=2

_ N"'e~9[exp(g/N""!) — Nexp(g/N™) + N — 1]
- T=e7=ge9)

Next, the probability that the collision is undetected in the
entire transmission period given that there are k transmissions

P,(k) is
(0] e

Hence, the probability that the collision is undetected in the
entire transmission period given that a collision has occurred
P, is

gke s
~e9—ge )

P=) Pu(k) q
k [

2
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Using the same notations as in Section III, we now have

E[TP] = (T +1)Ps + (T + 1)(1 - Ps)P,

T
+(1=Ps)Y (n+1)Pp(n).

n=1
As before, the throughput S is given by

PsT

S:EUH+EM

and the mean and variance of the delay can be found in a
similar manner [6].

VII. NUMERICAL RESULT AND DISCUSSION

Fig. 2 shows throughput S as a function of N. Here,
N =1 and N = oo correspond to CSMA and CSMA/CD,
respectively. For the nonpersistent case, N as small as 2
can already attain 92% of the maximum throughput. The
throughput curve of the 1-persistent version for N = 2 is a
little strange. An explanation of this can be found in [6]. Fig. 3
shows the delay characteristics. We choose the slot size to be
0.167 ms, and so R = 1617 slots. Here, even for N = 1 or 2,
the nonpersistent protocol can already give a high throughput
with very low delay.

Fig. 4 shows the coefficient of variation Cp of packet delay
as a function of S with N as a parameter. When S = 0, Cp is
obviously zero. But when S — Sp,,x, the number of stations
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Fig. 2. The throughput of TSMA/PCD with N as a parameter.
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Fig. 3. Throughput—delay performance for nonpersistent and 1-persistent

TSMA/PCD.
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Fig. 4. Coefficient of variation of packet delay.

involved in a collision is usually fairly large. So, even for
small N, the collision detection probability is high. Therefore,
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Fig. 5. Comparison of packet delay between multitone and single-tone
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the major cause of delay in this case is the random scheduling
delay after the detection of a collision. In other words, for
G>1,D =Y, +Y, +---+ Yy where Y] is the zth
scheduling delay and M is the total number of schedulings
before successful transmission and is geometrically distributed.
The mean and variance of D are derived in [7] to be

E[D] = E[Y]E[M)
E[M]o + E*[Y]0%, .

ah

Therefore the squared coefficient of variation is

2 — U%) =1+ 012/
P E’D] T EMIE?[Y]’

Here, E[Y] and o are independent of G, and as G — oo,
E[M] — oo. Therefore, as G — oo, ¢cp — 1. Under light
traffic conditions, the delay variance is due primarily to Y.
Under moderate traffic conditions, the variances of both M
and Y are significant, and hence a peak occurs for cp.

Fig. 5 compares the single-tone and multitone TSMA/PCD.
For the nonpersistent case, the multitone and single-tone
versions offer almost identical delay performance. But for
1-persistent TSMA/PCD, the multitone version offers a signifi-
cant reduction of average delay. For the slot-by-slot announce-
ment nonpersistent protocol, we see from Fig. 6 that for N as
small as 2, the maximum throughput (0.907) is already 99.3%
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Fig. 6. Throughput—delay characteristics of slot-by-slot announcement
scheme for nonpersistent TSMA/PCD.

of the CSMA/CD maximum throughput. Moreover, the delay
is identical to that of the CSMA/CD.
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