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This Thesis proposes the time delay analysis of five different contention
resolution algorithms for media access control protocol in wireless communication
system with relatively long round-trip propagation delay, namely cascade fixed
probability (CFP), cascade adaptive probability (CAP), cascade optimum probability
(COP), uniform (UNI) and uniform with limited access (UNI+LA).

The delay performance of each algorithm is mathematically analyzed and extensively
discussed. Computer simulations are also conducted to evaluate the system
performance in order to confirm the validity of our derived mathematical analysis.

The results both from numerical and simulation evaluations show that the COP
algorithms have superior performance at low to medium traffic loads than the other
algorithms. Whereas at heavy traffic conditions the UNI+LA become more effective: it
provides lowest average access delay amongst all algorithms. However, both COP and
UNI+LA algorithms are not as practical as the CFP and UNI counterparts, as they

require additional knowledge of the number of users.in each frame.
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B[m,x,p]l.Dy[m —x,n -1,p] (3.45)
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(3.47)
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Davmethod [m 0, p] = Daymethod [Ov n, p] =0
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(Cascade Adaptive Probability (CAP))
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Davcap [m,0] = Davcar [0,n]=0
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(Cascade Optimal Probability: COP)
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57

B[m,0,p].Dgg[m,n =1, min{l,q.p} (3.61)
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Teeg[m,n,pl =B[m,0,p]Tes[m,n =1, min{l,q.p}] (3.66)
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Tseg [M,0] =Tgeg[0,n] =0
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(Single Access Direct Estimate Probability (SDP))
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Y a =3 s dl ! 1 | 4 k% =3
glisnisynauiaunsaliunlasudiaruiiasiulunisdiaeslénnaden 411190

o

a v = dil
Nz lé 3 nacsatl

o 1 a & 1 dl Pz
AUUAAINIIIRER T 1HRe

Teop[M,N] wnuArRug liEnsTaeeannlsrauanudisalunisaesaesis SDP

dl = Y a dl % ¥ ° < <
LﬂJ'ﬂﬁJmﬂ]Uﬁ‘ﬂ’]iV}ﬂ'ﬂﬂﬂﬁﬁ‘mﬂ@'ﬂﬂ m AUITUIURARNRFANITABY n AADR

nagii 1 thanuzaastesdryny e luanuzdne adennisassdnlias
= o v a o 1 a o/ :l/ o Y a
WAAUIUY 151198 9WN m AUWAN AstuaNnsnagaruugldiEnsiag
4 d ot J . - 4.
walszaumandiialuniadnaesuazAigasnanlszisdneeassasauau

JldiEn s lneaaenlszaunaudnsaluniadiase Asil
1
B[m ,0,—m—].TSDP [m,n—1,] (3.68)
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B[m ,1,mi].(1 +Tgop[m —1,n —1]) (3.72)
B[m ,1,mi].(1+DSDP [m -1,n -1]) (3.73)
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Teop[Mm,n]=B[m ,O,F].TSDP [m,n =1] (3.74)
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(Exponential Backoff (EB))
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Tes [m ,0] =Tgp [0,n]=0
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(Direct Estimate Probability (DP))
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Toe[m,n]=B[m ,o,i].TDP[m n—1] (3.78)
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+ SBIM, X, ] Top[m,n —1]
X =2 m
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(Direct Estimate Probability with Optimum Limited Access (DP+OLA))
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WNUAT Cascade Fixed Probability

WNUAT Cascade Adaptive Probability

WNUAF Cascade Optimum Probability

WNLAT Uniform

WNAT Uniform with Limited Access

WNUID Single Access Exponential Backoff

WNAT Exponential Backoff

WNUID Single Access Direct Estimated Probability
WN1A3 Direct Estimated Probability

UNUAD Direct Estimated Probability with Limited Access
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Throughput by CFP M1-128N1-32
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One Access Delay of Successful Users by CFP M1-64 N1-32
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Awverage Delay Per Packet of Successful Users by CFP M1-64 N1-32
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Compare Average Number of Successful Users by CAP:Analysis-Simulation M1-4N1-16
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Compare Average Number of Successful Users by CFP-CAP M1-16 N1-32
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Awerage Delay of Successful Users by CAP M1-64 N1-32
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Awerage Delay Per Packet of Successful Users by CAP M1-64 N1-32
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Average Number of Successful Users by UNI M1-128N1-32
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Throughput by UNI M1-128 N1-32

=
«
[e0}
[Q\
~
2
1S
—
G
(o
(&
|
N
Sx=
1%
=
le ,_Iﬁ T
— Q | |
i @ S ! !
il © dm ! !
re1o AT © & ' ”
< & Al | B -~ NS~
IRRF - < - | i |
e o e &S s B o~ = P4 ” ” ”
¥ (o—" M | ] |
m R I | |
© (=, = NS~ T'H [
g B8 - | | |
=z
o 3 ” ” ”
5 RIS | |
<& THIHES. 1 TRV - = ) T
\\\\\\\ —~ —9 ()
o5 - IS |
- = ¥ I | I |
I | I |
m =) Lcmv LA — — - == - 3 - -
— = %} | | I |
IS dﬂo 3 | | | |
= ( &= o | | I |
L 2 > | ] | |
o & Ghﬂ_ 0 | I I ) |
& & ks i il 1 D == Sl e Bty [
mm & > | | | | | | |
— e\ © | | I | | | |
= ™ 3] | I | I | I |
= e a | | | I | | |
7, QN T G5, | G . [E—
© « 8 | i | | | | |
| vﬂ_ « o | | I | |
| © o~ < nn.lo Ann\.. < | I | I I
e —
| TYISUT e < o TRIRTCE L o
Lo z2zzzzZ &« W ﬁnv\\MMMMMMMA\\\ﬁ\\#\\\ﬁ\\#\r‘.\ﬂwww
N
\ , N~ [ Lu | | | | |
”” +At f ™ < "v‘ﬁ I I I I I
IR < = | | | | I
N o T = 1 (e 1 1 1 1 1 1 1 | L
TR O = = g © ® ~ © Ww ¥ ® o« < o
Ao O —
(s)indybnoayL wu °o@ (s10|S) s18sn |NJSS829NS JO AelBg SS9V BUQD

1 punlszay

AU

Nl

32
=

1130191818

9
yi|

QJGL

24
[REUDN

a

al

6

1

Number of Slots (N)
insia

@
£

ad

1117989994978 UNI

<

o

g 438 uaasAanils
AYNANIEA



108

Average Delay of Successful Users by UNI M1-64 N1-32
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Average Number of Successful Users by UNI+Limit M1-128 N1-32
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Awerage Delay Per Packet of Successful Users by UNI+LA M1-64 N1-32
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Abstract - This paper investigates and compares 9 different
contention resolution algorithms for wireless communications
using a mathematical analysis. The first 4 algorithms, namely
EB, DP, DP+LA and DP+OLA, are suitable for systems with
multi-access attempts per frame, whereas the other 5
algorithms, namely CFP, CAP, COP, SDP and SEB are
applicable to systems with single-access chance per frame.
Numerical results show that systems with multi-access are in
general more superiors to systems with single-access.

I. INTRODUCTION

Medium access control (MAC) protocols for wireless
communications have been investigated extensively over the
past years. These MAC protocols can be classified into two
categories, namely contention-free and contention-based [1].
Recently, high performance MAC protocols tend to organize
the channel bandwidth of the upward channel into a frame
structure that is composed of two parts, reservation and
information transfer, see Fig. 1. The reservation part consists
of a number of request slots, which are used by all users on a
contention basis for channel reservation. A user who
succeeds in the reservation process will be assigned the data
slots within the information part for his information
transmission. Defining a much shorter slot length for
contention resolution than the information slot periods by
several orders of magnitude are worthwhile, as channel
bandwidth can be effectively utilized. Examples for this type
of protocols are ALOHA Reservation [2], DQRUMA [3],
PRMA [4] and other recently proposed protocols [5,6].

The objective of this paper is to investigate ‘some
contention resolution protocols. suitable for systems  with
short and long round trip propagation delays (relative to the
slot transmission time) so that appropriate algorithms can be
identified, see the differences.in operations of both scenarios
in Figs. 1 and 2. For systems with comparatively short delay,
users will be entitled to continue making another'access if
unsuccessful in the previous request slots. In contrast, for
systems with relatively long propagation delay, users will be
limited to make only a single access attempt per frame. We
shall refer to the first systems as multi-access and the other
systems as single-access.

The performance of each system is evaluated through
mathematical analysis. In addition simulations are also
conducted to verify the analytical results.
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The remaining of this paper is organized as follows.
Section Il describes 4 different channel reservation
techniques for systems that permit users to repeat reservation
attempt immediately right after the previous slot, i.e. multi-
access systems. Section Il provides 5 other reservation
technigues for systems that allow users only a single attempt
in each reservation period, i.e. single-access systems. Section
IV illustrates the numerical results of all techniques with
some discussions. Finally section V concludes the key
findings of this paper.

Il. CONTENTION RESERVATION ALGORITHMS FOR MULTI-
ACCESS

A. Exponential Backoff (EB)

In the first technique, Exponential Backoff (EB), it is
assumed that each user can know the outcome of their
request within the same slot. Also it is supposed that there is
a ternary feedback (idle when no user accesses that request
slot, success when only one user does and collision when



more than one user access in the same slot) for a slot. It is
first estimated the number of blocked terminals (i.e. backlog)
according to the transmission result of the previous slot and
then compute transmission probability using the backlog
estimate. If the previous frame is idle, each user increases a
transmission probability by a factor of g. Conversely, if
collision occurs, each user decreases the transmission
probability by 1/q in order to reduce the chance of packet
collisions. In addition, if there is a successful user in the
previous contention, it means that the transmission
probability is suitable and should be left unchanged.

Let p be the initial transmission probability for this
scheme, T[m,n,p] be the average number of successful users

in the system with m users and n request slots and b[m,i,p]

be the binomial probability that i out of m users access a
particular request slot.

b[m. i, p] = [rl”] pi(1— p)™ , where Uﬁj m!

Tim_i)!
The value of T[m,n,p] can be derived as follows.

T[m,n,p] =b[m0,p] T[m,n-1,min{1,g- pj] (1)
+b[m1,p] T [m-1,n-1,p]
+i b[m,i, p]T[m,n -1,Hp]

where m>0,n>0.

The boundary conditions of (1) are T[a,0]=T[0,b]=0
where a=0],... ,m and b=01,...,n.

The initial value of p should be set to 1/m so that the
system starts at a proper state. The parameter q determines
how rapid the probability is dynamically adapted to reach-the
desired operating point. In general, g = 2 may be considered
appropriate.

B. Direct-estimate Prob (DP)

For the second technique, Direct-estimate Prob (DP), it is
assumed that the system is able know the number of active
users at each slot. Given this piece of information, it is useful
to estimate the value of transmission probability directly
based on the number of remaining users in each successive
slot. In such a system,.the proper transmission.probability is
1/m where m is the number of active users found in each slot.
The average number of successful users can be expressed as
follows:

T[mn] = b[m,O,%]T[m,n-l] @
+ b[m,l,ﬂ(ln[m—l,n—l])

m 1
+ ; b[m,l,E]T[m,n-l]

C. Direct-estimate Prob with Limited Access (DP+LA)

The DP technique described earlier may seem effective for
all system conditions, as it has a complete knowledge of the
number of remaining users at each slot and users can adjust
the transmission probability accordingly. In fact, the DP
technique can become ineffective when the number of users
is relatively much higher than the number of slots available.
As the direct-estimate value of 1/m is applied to each
successive slot independently, clearly the DP technique does
not take into account of the number of remaining slots. As a
result, the DP continues to work in the same manner
regardless of the number of slots available. To improve the
DP performance, we introduce an additional mechanism
known as Limited Access (LA) to the DP technique and this
combined mechanisms is referred to as the Direct-estimate
Prob with Limited Access (DP+LA) technique.

At the beginning of each reservation period, each user will
first decide whether it will enter the reservation process with
a probability of p. Users that find themselves not to access
the slots will do nothing and wait until the next reservation
period whereas other users will follow exactly the same step
as the DP scheme. The average number of successful can be
analytically determined as follows:

T[m.n, p] z b[m, i, p]Teli,n] ®)

D. Direct-estimate Prob with Optimum Limited Access
(DP+OLA)

Although the LA mechanism added to the DP technique
can improve the system performance, it is still not utilized to
its full potential because the LA mechanism is implemented
only at the beginning of each reservation period. In fact,
further improvement can be attained by applying the LA
mechanism in the same fashion as the DP+LA technique but
at each request slot. This new concept is referred to as the
Direct-estimate Prob with Optimum Limited Access
(DP+OLA) technique. This new technique can potentially be
more effective, as it is able to adapt the LA probability and
the transmission probability in accordance with different
system states and it in fact offers truly optimal system
performance. Let p[m,n] be the transmission probability as a
function of the number of available request slots n and
remaining. users. m so we can identify the appropriate
transmission probability of the DP+OLA scheme by
differentiating (4) with respect to p, setting it to 0 and finding
the value of p that maximizes the average number of
successful users.

M=

T[m,n, p[m,n]] =2 blm,i, p[m,n]] (4)

n
o

< b[i,1,%]T[i—1,n—1, pli—1n—1]]

+ (1—b[i,1,i1])T[i,n ~1,p[i,n-11] )



I11. CONTENTION RESERVATION ALGORITHMS FOR
SINGLE-ACCESS

A. Cascade Fixed Prob (CFP)

In the first scheme for single-access reservation system,
each user will attempt to make a reservation on each request
slot from the first slot to the last. The user will decide that he
will access the present slot with a certain probability (p) and
the value of this probability is the same for all users and fixed
throughout all request slots. As a result, this scheme will be
referred to as Cascade Fixed Prob (CFP). It is apparent that
the value of probability p is the key parameter to the system
performance, hence must be chosen with care. We shall now
derive an appropriate value of p as a function of the number
of active users and the number of available slots that will
maximize the average number of successful users.

Let T[m,n] be the throughput of the system with m users

and n request slots. In each request slot, only a single user
can succeed in reservation, which will occur only when no
other users access the slot. A more detailed analysis of
T[m,n] can be found in [9] and T[m,n] is formulated in a
recursive form as follows.

Timn] =bm,p] +3. b[m,i, pIT[m-i,n-1] ®)

We can then find an appropriate transmission probability
P.-[M,n] of each frame by differentiating (5) with respect

to p, setting it to O, i.e. a%T[m,n] = 0and determining p that

gives the maximum throughput Tep[m,n].

B. Cascade Adaptive Prob (CAP)

In the CFP scheme, it is seen that an appropriate value of p
exists and can be formulated as function of the number of
active users at the start of each frame (M) and the number of
slots in each frame (N). It is interesting to further explore this
finding to improve the system performance by introducing an
idea of adaptive probability. Like the CFP scheme, all users
still use the same value of probability at each slot, but the
transmission probability may change from one slot to another
by considering the current number of remaining users and
slots. At the beginning of each request slot, each user must
somehow acquire the present system conditions, i.e. the
current number of remaining users and slots. Note that this
requirement contradicts with the fundamental system
assumption made here. Nevertheless, its analysis provides an
interesting new aspect to this study. Once the user knows
both parameters the user will choose the value of p based on
these values using the formulation derived in the CFP
scheme. Since the transmission probability is properly
selected in response to the current system scenarios, an
improved system performance can be intuitively expected.

This scheme will be known as Cascade Adaptive Prob
(CAP). The model for throughput analysis of this scheme is
similar to that of the CFP scheme, though details may differ.

Let T.,p[m,n] be the average number successful users of
the CAP system with m users and n request slots and
Peer[M, ] is the optimal transmission probability derived
form the CFP system with m users and n request slots.

TeapM,n] is computed as a recursive formula.

Teap[m,n]  =b[m,1, pcep[m, n]] (6)

+§: bIm,i, peep[M,N]] Tepp[M-i,n-1]

The same boundary conditions as in the CFP system are
applied.

C. Cascade Optimal Prob (COP)

The adaptive scheme described above can indeed enhance
the system performance. See the comparative results in the
next section. Nevertheless, if the system assumption is to be
violated, there exists a more effective way to adapt the
transmission probability in accordance with the present
system status and it in fact offers truly optimal system
performance. This scheme is referred to as Cascade Optimal
Prob (COP) and its full analysis will be given below.

Let p[m,n] be the transmission probability as a function

of the number of available request n and remaining users m.
T[m,n]=b[m,1, p[m,n]]+ i b[m, i, p[m,n]] T[m-i,n-1] (7)
i=0

The boundary conditions of (7) are the same as in the CFP
system. We can now find the appropriate transmission

probability p.,.[m,n] of each frame by differentiating (7)
with respect to p[m,n], setting it to 0, and determining

p[m,n] that yields the maximum throughput T.o.[m,n].

D. Single-access Direct-estimate Prob (SDP)

This technique is-exactly like the DP technique except that
once a user have made a reservation attempt, the user will no
longer be allowed to make another try (single-access
reservation). The average number of successful users of this
technique is as follows.

T[m.n] :b[m,l,i}i b[m,i, -] T[m -0 - 1] ®)
m i=0 m

E. Single-access Exponential Backoff (SEB)

This technique is exactly like the EB technique except that
once a user have made a reservation attempt, the user will no
longer be allowed to make another try (single-access
reservation). The average number of successful users of this
technique is as follows.



T[mn,p] =b[m0,p] T[m,n-L,min{1,g- p}] 9)
+b[m1,p]T[m-1,n-1,p]

1V. NUMERICAL RESULTS AND DISCUSSION

All results given here are obtained from the mathematical
formulations described in the previous sections. Moreover
these results are also confirmed with computer simulations,
i.e. results from both approaches are all identical.

A. The essence of transmission probability

We shall first illustrate how the transmission probability
has an effect on the system performance, which is measured
in terms of the average number of successful users (also
referred to as the system throughput here). The CFP scheme
is specifically selected for discussion, as it is ideal for this
purpose. By using equation (5), it is possible to obtain a
relation between the average number of successful users and
the transmission probability p; this is depicted in Fig. 3. In
this Figure, the number of slots N is held constant at 16 and
the total number of users M varied from 1 to 16. As we can
see, at small values of transmission probability the average
number of successful users increases with the transmission
probability. This is simply because under this condition users
do not access the request slots frequently enough; a lot of
time of these slots are idle. Therefore, an increase in the
transmission probability will reduce the number of idle slots
and thus improving the system throughput. As the
transmission probability increases up to a certain value, the
number of successful users begins to decline. This
performance degradation is due to an increase in the number
of collisions caused by too many attempts to access. A
further increment of the transmission probability-beyond-this
will only generate more collisions and results in the reduction
of the number of successful users.

B. Performance of the CFP, CAP and COP techniques

Using an appropriate transmission probability, we can now
obtain the system performance for. CFP, CAP _and COP
schemes under different total number of users and request
slots. This is depicted in Fig. 4. As we can see, the COP
scheme can improve the number of successful users in
comparison to the CFP. scheme.-This-is as-expected, because
of two reasons. First, the COP scheme can dynamically
adjust the users’ transmission probability at each slot in
response to actual system condition. Secondly, the
transmission probability is optimally calculated for each
system state.

When comparing these two schemes with the CAP scheme,
it is found that the number of successful users lies between
the CFP and COP schemes. Note that CAP results are not
given here. This behavior can be explained as follows. The

CAP scheme poses the same feature as the COP scheme in
that the transmission probability can be dynamically adjusted
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Fig. 3. The average number of successful users vs the
transmission probability with the number of request slots (N)
fixed at 16.
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Fig. 4. The average number of successful users vs. the
number of users with 16 slots (CFP and COP).

at each slot, but the transmission probability is not optimal as
it is adopted from the CFP scheme. Therefore its
performance is still below the COP scheme but is better than
the CFP scheme.

C. Performance of the DP, DP+LA and DP+OLA
techniques.

Fig. 5 illustrates the performance comparison of the DP,
DP+LA and DP+OLA schemes. These numerical results are
obtained by using an appropriate transmission probability
derived from equations (2)-(4). It is seen that the averages
number of successful users of all schemes are all identical
when the number of users (M) is less than the number of slots
available (N). When the number of users becomes greater
than the number of slots, it appears that the DP+OLA scheme
still continues to perform consistently well, i.e. no rapid
decrease of the system throughput. This is not the case for the
DP and DP+LA techniques; their system throughputs tend to



decline with an in increase of the number of users. The
throughput degradation is more prominent in the case of the
DP technique than the DP+LA technique.

D. Performance of the EB, SEB, DP and SDP techniques

Consider the numerical results of all techniques in Fig. 6.
When comparing the EB technique with the SEB technique, it
appears that the EB technique offers much higher throughput
at small number of users, but the at higher loads their
performances become comparable. Recall that both
techniques operate using the same mechanism except for the
number of access attempts permitted per frame. This means
that allowing multi-access attempts per frame will always
perform better than its single-access attempt per frame.

Similar performance characteristics are observed when we
compare the performance of the DP technique with the SDP
technique. Multi-access technique is again superior to the
single-access technique.

V. CONCLUSION

This paper has introduced two new reservation techniques
namely, DP+LA and DP+OLA, and provided a full
mathematical analysis of the system performances of all 9
contention resolution algorithms. These techniques are
classified into two groups according to the number of
chances that users are entitled to carry out their reservation
attempts in each frame, namely multi-access and single-
access. It is clear that the multi-access systems are in general
more effective than the single-access systems, as there appear
larger number of users succeeding in channel reservations.
Indeed, this finding has some consequences. Consider a high-
speed wireless communication system where the slot
transmission time is relatively shorter than the round trip
propagation delay. It is the case that the response of channel
request from the base station to a user will not be back
quickly so that the user cannot continue to make another
reservation attempt immediately in the following slot in case
of failure. Therefore, in such an environment users are
limited to use a single-access contention resolution algorithm.
This means that the performance of contention resolution in
high-speed environments with relatively long propagation
delay will not be as effective as that of low-speed systems.
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