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Analysis of an ldentifier Splitting Algorithm
Combined with Polling (ISAP) for Contention
Resolution in a Wireless Access Network

Benny Van Houdt and Chris BlondidMember, IEEE

Abstract—In this paper, a contention resolution scheme for is used by the MSs to inform the BS about their bandwidth
an uplink contention channel in a wireless access network is needs (through requests) and to transmit data packets. The
presented. The scheme consists of a tree algorithm, namely theqq\ynlink channel is used for acknowledgments, information
identifier splitting algorithm (ISA), combined with a polling o . ' .
scheme. Initially, ISA is used, but at a certain level of the tree, the about the permission t_o use th_e uplink channel (permits) and
scheme switches to polling of the stations. This scheme is further data packets. Both the information on the uplink and the down-
enhanced by skipping a few levels in the tree when starting the link channels is grouped into fixed length frames, leading to
algorithm (both in a static and a dynamic way) and by allowing  significant reductions in the power consumption. The requests
multiple instants simultaneously. An analytical model of the issued by the MSs are usually piggybacked with the uplink data

system and its variants leads to the evaluation of its performance,
by means of the delay density function and the throughput packets that have already been scheduled. Unfortunately, such

characteristics. This model is used to investigate the influence @ piggybacking scheme fails for new MSs entering the network,
of the packet arrival rate, the instant at which the ISA scheme and MSs which become active after having remained silent for

switches to polling, the starting level of the ISA scheme, and the g period of time or have sudden increases in their uplink traffic.
;ﬁg ?k‘:e”;ﬁ'rtc')ﬂ'eh'”iances on the mean delay, the delay quantiles, Tharefore, an additional uplink contention channel is provided
ghput. to allow these MSs to inform the BS about their bandwidth

Index Terms—Access networks, contention resolution, ISAP.  needs. A dynamic portion of each fixed length frame is assigned
to this contention channel (Fig. 2).

We propose to use a contention resolution scheme based on a
tree algorithm, the identifier splitting algorithm (ISA) defined
W'RELESS LANs should support the various quality ofp [9]-[11]. In order to improve its performance, the ISA is

service (QoS) levels defined in the fixed network (e.9pombined with a polling scheme (ISAP). The resulting scheme
Internet DiffServ classes, service categories in ATM). Thig further enhanced by skipping a few levels in the tree when
ability will heavily depend on the def_inition of the mediumstarting the algorithm, both in a static and dynamic way and by
access control protocol, needed to arbitrate access to the Shéﬁﬁﬁving multiple instants simultaneously. The throughput and
radio medium. delay density functions of ISAP are analytically evaluated. The

Consider a cell in a wireless packet network (Fig. 1), coRpplication of the analysis on numerical examples illustrates the
sisting of a base station (BS) serving a finite set of mobile Stgfluence of the different system parameters on the delay and
tions (MS) by means of a shared radio channel. Packets a”iV'tﬂGoughput characteristics.
at the BS are broadcasted downlink. The packets originatingrpe structure of the paper is as follows. Section Il presents a
from an MS share the radio medium using a MAC protocol. Thgscription of the ISAP protocol. In Section I1l, the analytical
access technique is time division multiple access (TDMA) angogel to evaluate the performance of the protocol is presented,

frequency division duplex (FDD). Each MS in a cell receives ghile numerical examples are given in Section IV. Conclusions
unique address that is used by the MAC layerinthe BS.  gre drawn in Section V.

An important class of access networks with these charac-

teristics consists of wireless ATM LANs (e.g., MEDIAN [13], Il. THE CONTENTION RESOLUTION SCHEME

Magic WAND [6], SAMBA [8], AWACS, AMUSE). A number . » )

of medium access control (MAC) protocols have been propos@d The ldentifier Splitting Algorithm (ISA)

for such systems, such as MASCARA [7], PRMA [4], D$SA- The identifier splitting algorithm is based on the well-known

[8], DQRUMA [5], and others [3], [17], [12], [14]. tree algorithm [2], [1], [15] and was proposed by Petras in
The MAC protocols considered in the above references hg@-[11]. A contention cycle (CC) consists of a number of

a centralized control located in the BS. The uplink channebnsecutive upstream frames during which the contention is

solved for all requests present in the MSs at the beginning of

Manuscript received May 3, 1999. the cycle. Requests that intend to use the contention resolution
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Fig. 1. Reference configuration of the system.
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was successful and informs the MS(s) that were involved in thé
scheme accordingly in the next downstream frame using a feed 3. Demonstrating ISA.
back field. Two situations are possible. 1) An MS sending in this
slot was successful or the slot was empty. In this case, a new ¢
starts in the next frame. 2) The transmission was not successg
i.e., a collision occurred. In this case, the next (second) frame

of the CC provides 2 contention slots. Based on the fjrst _bit %f. The Identifier Splitting Algorithm Combined with Polling
their MAC addresses, as opposed to the classical coin flip, tSUgAP)

MSs that are involved split up into two distinct sets. An M ] i
belonging to the first set uses the first slot to attempt a retrans-£ach slot at theth level of a CC corresponds &'~ ad-
mission, while the second slot is used by the MSs belonging@§eSses: Therefore, provided that leveblds/ collisions, the

the second set. BS concludes that the remaining competing MSs can only have

The process of generating two slots in the next frame, foreaéh~~ POssible addresses. This information can be used by the
slot in which a collision occurred, is repeated frame after framg> © take a decision whether to continue to use the ISA pro-

each time using the next bit of the MAC address in case O,t%col orto switch tp polling. The basic idea here is that when the
collision. Thus, during théth frame of a CC, two MSs can only SiZ€ of the remaining MAC address space be_comes smal_ler than
collide if their MAC addresses have the same 1 first bits. SOMe predefined value, s, the protocol switches to polling. -
Therefore, provided that the address that uniquely identifies BR!IING, in this context, means that in the next frame, one slotis
MS is » bits long, all collisions are always resolvedsint 1 provided for each address in the remaining address space.
frames. Also notice that for every frame, the number of con- .

tention slots equals twice the number of collisions of the pré& MS Behavior

vious frame. The number of contention slots one can use in arhe behavior of the different MSs, located within the ob-
single frame is severly bounded in a the wireless medium. $erved cell, is described in Fig. 4 by means of a flow chart. As
[16] we addressed this issue and have shown that this haslorng as an MS is able to piggyback its requests, it remains in
significant impact on the performance of ISAP for small anthepiggybackedtate. When a packet generated by an MS finds
medium arrival rates. Finally, Fig. 3 shows an example of a Qe queue with packets waiting for transmission empty, then a
with 6 participants. In this figur€O refers to a collisionSUto  transition occurs to the stabdocked There it remains until the

uccess, andM to an empty slot. The MAC addresses of the
ccessful MSs are added to the corresponding slot.
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Fig. 4. The flow chart of an MS.

current CC is solved, checking the feedback field at the begiegqualsS; and L is the length of this CC. Then the new starting
ning of every frame. The feedback is given by a set of bits, ofevel S} obeys the following equation:
for each contention slot, where a zero indicates a success (or an

empty slot) and a one a failure. Notice that one feedback bit is , max(S; — 1, 8min) L < By
sufficient as we do not take capture effects into account. Once Si=4 5 B <L < By, @
the current CC has ended, i.e., all feedback bits equal zero, two min(S; + 1, Smax) L 2 B

parameters LEVEL and POS are initialized. LEVEL indicateg eapy all MSs, wanting to access the contention channel, need

the currentlevel of the CC, and therefore its value isincrementpc;jbe aware of the current starting level. We suggest that this

by one at the start of each frame during a CC. POS is a Vtjioledge is broadcasted by the BS at the start of every CC.
able that holds the number of the contention slots to be used erefore, it is not necessary for all MSs, including those that

the MS (the slots are numbered starting from one). After initigliy ot yse the contention channel, to keep track of the lengths
ization, thetransmissiorstate is entered. While in this state, &f the CCs.

transmission will take place in slot number POS and the resultis

found by checking the corresponding feedback bit. If successfgl, Mmultiple Instances of ISA

we return to thepiggybackedstate, otherwise the MS sets the It is possible to use multiple instances of the ISA protocol

parametersV and M, and increments LEVEL by one. Next, . . X . )
the MS checks to see whether a switch to the polling schem@gﬁultaneously. For instance, in the case of two instances: the

: : . tinstance is used by all MSs with the first bit of their address
made, and depending on this result assigns a new value to POS. : . .
. L . .~ equal to 0, the second instance is devoted to the other MSs, i.e.,
Finally the MS returns to theansmissiorstate, and this routine

. : e with a MAC address that starts with 1. In geneg4t, different
is repeated until a successful transmission occurs. . . .
instances of ISA can be used simultaneously. Each instance cor-

responds with a partition of the address space and MSs always
participate in the same instance. The MS behavior is very sim-

In this subsection we consider CCs that provide more thgar as before, thus no extra complexity is added. One of the ad-
one slot during their first frame. The starting leviglis said to  vantages of this method is that the number of contention slots is
equali if 2* slots are provided in the first frame of a CC. Atspread more uniformly over consecutive frames, as different in-
first, the starting level of each CC is fixed at a predefined valugances are not necessarily in phase, i.e., the tops of the different
S5;. Itis expected that this has a positive impact on the delay, afiles might occur in different frames. Although it is possible to

for low load situations a negative influence on the throughput. Bbmbine multiple instances and polling, this is beyond the scope
order to minimize these throughput losses, we propose a schejphis paper.

that changes the starting level dynamically, between |8ygl
andS.,.x, depending on the length of the previous CC. To make IIl. PERFORMANCEANALYSIS
this decision, the system loads not taken into account, as this .
value is hard to measure or predict in real systems. A. The Analytical Model
The starting levels are defined using the two threshold valuesWe definen as the size of the MAC-addresses (in bits). The
By andB,,. Suppose that at some pointin time the starting levelumber of MSs located within the reach of the B2s i.e.,

D. Skipping the First Few Levels
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all MAC addresses are utilized. We assume that the aggregate Discussion Al:We calculate the complementary proba-
traffic generated by all MSs, on the uplink contention channddjlity mass. Clearly, by definition of the polling mechanism, we
is Poisson distributed with a mean afrequests per frame. have

As the number of MSs is finite and equal§, the number ) .

of requests, generated during a CC, should never exzZéed PlR, 210N F, > 1| Xo = H

Therefore, we drop, at random, some of the arrivals if this value _ P[CK“) > { Np J

: : : -1 n—i+1
is exceeded (for: > 2™ arrivals, we drope — 2™ arrivals at 2
random). In this way, we assure that the requests arrive iNforder to obtain the right-hand side of (3), one easily obtains
uniform way during a CC. Hence, define the random variabjge following relationship:

I, as the number of requests generated during a CC, consisting

X, = k} . 3)

of i frames, asP[I; = k] = ¢~ (\i)¥/k! for k < 2" and p{c?“) - { Ny J +z|X, = k}

PI; = 2" = ¢ Y7, o,.(M)F/EL Notice that we do not N P @

need to consider bursty input traffic since we are observing the _ P[G(c) _ { Np J Lel X, = k} (4)
access channel used by an MS to transmit a first request after a - =17 | gn—it+l <

eriod of silence. . . -
P for x > 1, but not necessarily far < 0. Thus, it is sufficient

In real-life systems, the following holds with respect to the o -
T . o find the probability that we have exactlyollisions at level
number of MSs participating, and their addresses. MSs that were, . -
i . L 1 Of a CC givenk participants for the ISA scheme. In order to
successful during the last frame of a CC will never participate in

SV : .calculate these values in a numerically stable way, we propose
the next CC. Participating MSs, regardless of the frame in whi . . . -aly \way, We p .p
. . following variation on the inclusion—exclusion principle:
they were successful, are less likely to take part in the next

as opposed to those that did not participate at all. To make the o g(nfi)kog'

system analytically tractable, both these remarks are ignored. 5(,2' k) = o (®)

Thus, the addresses of the MSs taking part in the scheme at the ’} L o _gon—i

beginning of a CC are uniformly distributed over the complete s(i, 1 k) = 012”' Z o(n—i)ly Czlck;il

address space, and their number is distributed according to a =0 &

Poission distribution, where the mean depends on the length of 5y

the previous CC. _ Z C}*”"s(i,l+ . k) (6)
The following random variables will be used., respec- el

tively, X,, denotes the number of contenders or participants in ‘ ‘
a CC for the ISA protocol, respectively, ISAP protochl,, re- Where0 <1 < 2' ands(i,l,k) = PP =2 —1| X, = K]
spectively,R,, denotes the level at which the CC is resolved  Discussion A2:In this case, each collision at levet- 1
(i.e., the number of frames needed minus one) and this againif$folves only two MSs, otherwise it cannot be solved at level
the ISA scheme, respectively, ISAP schem‘éc.) andCi(“) de- The probability that such a collision is solved, at leyadlearly
note the number of collisions at levidfor both protocols. These €quals2”—/(2"~"*! — 1). Thus, by means of the multivariate
variables range from 0 t. P, denotes the level at which we hypergeometric distribution, we get

poll for the ISAP scheme. If the CC is solved without polling, P[R.=iNP,>i| X, = k]

we let P, be equal ton + 1. Furthermore, we use the symbol
C™ to denote the number of different possible combinations of Lk/2]

_ Z 2(n7i+1)(k72u) (

on—it1l oi=1 2i—1_y
02 ) Ou Ok—?u

r from n different items. = 07"
u=u; _1+1 k
B. The Delay Analysis . 2n @
2n7i+1 -1

In this subsection, we present the delay analysis of the ISAP
scheme when the starting level is fixed at zero. Results for théereu; denotes| N, /2"~ |.
ISA scheme are obtained by setting = 0. Discussion B: We definep, (k,i + 1) = P[R, = i| X, =
Discussion A: We start by studying the random varialitg  £]. Clearly, X, is the steady-state vector of the Markovian
when conditioned orX,. Two cases can be considered. Firsprocess{X,(f))n, whereXfL“) denotes the number of contenders
the CC might be solved before leviedr at leveli due to polling. during thenth CC. Due to Discussion A,
Second, it might be solved at levialithout a switch to polling. A (a) )
Thus we get ta(k,j) =P |:‘Xn+1 =J

R (e

PR, <i|Xe=k] =P[Ry <iUP, <i|X, =k =
+PR,=iNPF,>i|X,=k]. (2) for0 < j < 2" — 1. When; = 27, we assign the remaining
probability massX, is then found by solving the eigenvector
The first probability is explored in Discussion Al, the second iproblem. We denot&[X,] as the mean number of participants
Discussion A2. ina CC.

X = k]

Pa(k; 1) (8)
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Before we can calculate the delay, we still need to make theUsing Discussions A and B, itis easy to find the delay density
following observation. Assume a random arrival in a CC, thelnction D, (x) [with = between 1 an@(» + 1)]. This function
we need to know the probability that there drecontenders is the following step function:
in (tr;is CcC :er;d that there will b&in the next CC. We denote o] i1 2m
Xeur andX,2 . as the number of participants in these two CCs. 5 Fols = 1,1) = Fo(s —2,1)
ext p p (z) = Z Z Z _

Some straiahtforward reasoning shows that the following relal-)“ ' j 9;()

tionships betwee (., X2 and X, hold: P[X*), =1] = = J;m_s =t

P[X, = [I/E[X,] and PIX{) = k] = Y5_, P[X, = (> JP[Re=5-1|Xe =H , [ x@ _ k}

klto(k,7)7/E[X.] wheret,(k, j) was defined in (8). = 1+ E[R.|Xq =] cur
Combining Discussions A and Bdaving done this, we can (14)

calculate the mean delay. Clearly the delay consists of two parts

D; and Ds. The first D, is the time until the start of the nextwhereG; (1) = ((\j)"1/(l—1)e M forl < 2" — land

CC, and the seconf), is the number of frames needed until;(2") = 3= ;5 0. _; (W) 1/(I = 1))e ™. In (14),s denotes

our tagged request is successful. Knowing that the arrivals #ine number of transmissions (including the successful transmis-
distributed uniformly within a CC, the expected value for thgion) a tagged request neegisefers to the length (in frames) of
first part D; equals the CC in which our tagged request is generated. Firdallyl

e equalsthe number of other competitors apartfromourtagged one.
n

a ¢ pa(kv L) .
E[Di] =) ZP[X§L3 = k} 1T B[R, | X, = 1] i/2. C. The Throughput Analysis
ok 9) 1) The Identifier Splitting Algorithm:In this subsection we
By definition of the expected value, the second part is found détermine the throughput for the ISA scheme. First, we de-
N fine two more sets of random variablééc), respectiverSi(“),
E[D,] = Z Z plx@ _ k} being the number of slots used at levddy ISA, respectively,

et T ISAP. From the foregoing, we already obtainBiX,. = k|
(P[X, = k] for N, = 0) and thus the throughp is found as

i=0 k>1
X (04 D) (Fo(i, k) — Foli — 1,k)) (10)

ElX.
whereF, (i, k) denotes the probability that a tagged request is 1. = & LX) . (15)
successful at or before levegiven that there wergé — 1 other - -

: ; ) PX.=k|E X.=k
contendersk,(—1, k) is zero in the expression abové&}, (i, k) kZ:O [ ] ]
is found as follows. Denote,_; + 1 asw;, thusv; = 1 +
| N,,/2"=i*1]. In Discussion A1, it was argued that the everf¢/early,

>
Ci(i)l > v, is the same aé?i(f)l > y;, when conditioned on n
Y 5OIX. =k| =1+ E [57@
[ =1

X., respectively X,, which in its turn coincides with?, > £
iN R, > i. Therefore, we have
Moreover, the expected number of slots at levetjuals twice
the expected number of collisions at level 1; while the ex-
Xe = k} (11) pected number of collisions at leveiatches

. . E [C@
whereR, denotes the level at which our tagged request is suc- ’ _ _
cessful. This first probability was found in Discussion Al. The ‘ < CI%”_QM 22 ) -
=2|1-—k

X, = k} . (16)

Folisk) = P[R, <i—1UP, <i| X, =K
+ZP[Rtng§i>1=s

s>

Xc:k}

second one is calculated using (5) and (6) as follows. We define o o7
t(i,s.k) asP[R, < in C'Y = 2i=1 — 5| X, = k]. Then we » »
get 2) The Identifier Splitting Algorithm Combined with
Polling: We already know the probabilitie®[X, = k]
(12) from the delay analysis. Thus, it is sufficient to find
E[}, Si(“) | X. = k]. As before, the expected number of
C; O}zzl—ﬂ”*"“ slots used equals the sum of the expected number of slots used
- S at each level. By definition of the ISAP scheme, we have

o(n—i+1L)k CE*‘

0,271 k) = -
Ci

ti,s,k) = €2 Y amith

cy
1L=0
om —sgn—itl_gn=s E |:S7‘(a) Xo= k}

. l_1+<1—l—1> T |

J K)o = P[P, =i X, = B[S | Xo = kN P = ]

gi—1_, N + P[P, >iNR, >i| X, =k]
_ CS J}t Py k . 13 a y ;

; S s+ k) (13) CE[s”| X, =knP,>inR, 2] (18)

With these values, it is straightforward to find the second teriithe second probability was obtained in Discussion Al, the first
of (11). Adding E[D;] and E[D-] results in the mean delay. oneisfounda®[R, < i—1UP, <i|X, = k] minusP[R, <
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1 — 1| X, = k], tworesultsthatwere also obtained in DiscussiofApplying P[A|B n C| = P[A n C|B]/P[C|B], we can
A. Both the expected values (for> 2 sinceSé“) ande“) are rewrite the probability in the denominator as
trivial to obtain) are presented in Discussions C and D.

Discussion C: First, conside®[S\” | X, = kN P, > i N P [Ci(f)l =0 ‘ Xo=knC) > Ui—1:|

R, > 4]. In this case, the number of slots used at leved (@) _ (a) .

twice the number of collisions of the previous level. Also, in . P [Oi—l =0NCi s 2 vi | Xo = k} 29
Discussion Al, it was shown that the evéit> i N R, > i is N P [G(“) >l X = k} (22)
the same aé?i(f)l > v;, when conditioned otX,, respectively, G

X.. Hence, it is sufficient to findZ[C”, | X, = kNC{”) > Due to Discussion Al, we can substitute the super- and sub-

v;]. Using (4), one finds scriptsa for ¢ in both probabilities without altering their values.
© © Having done this, the numerator, respectively, denominator, can
E |:Ci—1 ‘Xc =kNC > Uz} be calculated using similar argument as in Discussion A2, re-
2i-l_y p [C(c) R k} spectively, A1. We end with the determination of the expected
— ot Z s -1 v he (19) value in the rlght-hgnd side of (21). Agam, we can _s_ubstltute the
i — p |:C‘(C)1 >0 | X, = k} sub- and superscriptsfor ¢. Then, using the definition of the
T expected value, we get

where we applied the following proposition. If an evehtC C,

. : (e) _ (e)
then P[A |(B) N C] equalsP[A | B]/P[C| B].(n)] this caseA is £ [Ci_l \ Xe=kNCiZy 2 UH]
equal toC;”, = s +v; andC is chosen ag;”|, > v;. _ Elc®@ ‘X A
Discussion D: The expected number of slots at levequals B z; [ mhfte ™ (et }
2n—i+1 times the expected number of collisions at level 1. =i ©
Because the ever, = i is the same a®, > inCY, < P [Ci_Q =1 ‘ X = k} 23)
) i (a) _ : .
v;, we are actually looking fo[C;%] | X, = kN R, > p [052)2 > vy ‘ X, = k}

a8 Ci(f)l < v;]. We start with the following observation:

We calculate the numerator of this sum using the same method-
Xo=kN R, 2 L} ology asin (5) and (6), where we defiasei—l, s, k)asE[2' 1 —
C X, =knCY, = 2i-2 — §|P[C'Y, = 212 — 5| X, =

k]. This results in the following equations:

E [q@l

=P 2w

Xe=kNR, > L:|
. (a) = >4 (a) > } )
E [CH ‘Xa ENR, >inCY > v i - 122 k)
— . i=2
- 2(71 —|—2)kC’3

+ P [Cff)l < i
c¥

X,=knR,>i
2 (24)

(et}

Xo=kNR, >inC < v (20

=t Z_1<U} (20) e(i—1,s,k)
where the expression of interest is part of the right-hand side. 2 i: o(n—i+2)L
Both probabilities are clearly each others’ complement. Because ™ ~#

the eventCi(f)]L > v; is a part of the evenk, > i (v; > 0), =0

| L ) = 1o G 2RO,
the first probability equald’[C;"] > v; | X, = k|/P[R, > 25+ 21— 2s) A )
i| X, = k]. Both these values were obtained in Discussion A. 0271—152
The first expected value in the right-hand side of (20) can be B e L
LT Tkl

reduced to (19) by noticing that the evefﬁlif)l > v; is a part
of the eventR, > i andC ™} > v; cioncides withC?, > v,
when conditioned oX, = %, respectively,X. = &. In Discus-
sion E, we calculate the left-hand side of (20), which conclud
the throughput analysis. . .
Discussion E: Remark that the everf®, > ¢ coincides ?STX‘EI:'II?% and Throughput when the First Levels are Skipped
with ') > 0. As the eventC{”, > v;_; contains this last
event. we can also write it a@f“é > v N C(a)l > 0. So. we In this subsection we describe the necessary adaptations to
want to findE[C@l X, = kN 0@2 > vt N ng)l > 0], the evaluation methods qbove such that it allows us to evaluate
. i i L SAP when some of the first levels of the tree are skipped. The
Some straightforward reasoning based on the definition of thF . ) . )
expected value yields starting level is denoted hy;. The following random variables
are defined:X} is the number of participants in the CC, this

- Y Cte(i—1,5+x,k) (25)

r=1

2 k13
Ck

(\évé'th m; equal to2” — s2n " +2 _ gn—itl

. n .
E |:Oi(i)1 X, = kN Ci(f)Q > 01N Ci(i)l > 0} yanable ranges from 0 t?". R} is the level a}EJ\:\ghlch the CC
is resolved, this variable ranges frafnto n. S;"" ' equals the

E [q@l ‘ X,=knCY), > Ui—1:| number of slots used at levelP;" denotes the level at which we

(21) poll, if the CC is solved without pollingP;" obtains the value

1—P[C§i>1=0 X,,,:kmcfi)ﬁw_l}' n+ 1.
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1) The Delay when the First Levels are SkippeB. Delay and Throughput Analysis when the First Levels are
(STATIC): In this subsection we will address the mosEkipped (DYNAMIC)
significant differences with the previous evaluation (of ISAP). |4 his subsection, the analysis for the static starting level
The two major differences regarding the behavior of the gytended to the proposed dynamic model. We use the same
protocol are that a CC can no longer be solved before leyal,jom variables as above, but substitute-thgign for ax to
51 as these levels no longer exist, and polling at leSigls N0 gicate the dynamic nature of the scheme. We also introduce a

Ionger pos_sible as level — 1 i_s skipped_. . new random variablé&* as the starting level.
Discussion F: Let us start with; . Notice that if the CC was 1) The Delay when the First Levels are Skipped (DY-

resolved at the first leve?;, then it is also solved at or beforeNAMlC): We start by studying?* when conditioned or*

level S; with the ISA scheme and vice versa. Second, the evenisy g+ Assuming that the starting level equals we have the
RF < zandR, < z coincide ifx > S;. Thus, we have following (due to the STATIC part):

2(n—Sz)kC’351

PIR} = S| X =k] = PIR* = §| X = kN B* = §)]

Cl% n—Sp)k 2%
2(n—5) C?
PR} < S +x2| X =kl=PR, <Si+x|X, =k = (27)
k
for every valuez > 0. This means that the probability of re- PIR: < Si+a| X =knB* =5
solving a CC before or at levél might decrease a bit, compared —’P:[R <9 +§:|X — ] (28)
— a = M1 a —

to the ISAP scheme that starts at level zero. If so, the probability
that it is solved at leve$; + 1 increases together with the prob-with = a positive number. We denotg(k, S;, +1) asP[R}, =
ability of polling at this level. Remark that the probability ofS; + x| X* = kn B* = S]. In order to find the joint distri-
solving the scheme at levé} + 1 without polling remains the bution of (X7, B*), it is sufficient to construct the following
same. For the other levels, everything remains exactly the safsition matrix and do the matrix inversion as shown in the
as before. Next, defingf (k, i) asP[R} = S;+i—1| X} = k]. equation at the bottom of the page. When we observe the system
F1(i, k) denotes the probability that a tagged request is sugtan arrival instant, then the probability that there /areon-
cessful at or before leveél With similar arguments as used fortenders in the current CC and that this CC started at I§vis
R, we getF+(S, k) = €272 " /C2 Tl and F7(S, + needed. We also need this probability for the next CC (after the
z, k) = Fo(Si + x, k) for every positive value of. The re- one containing the random arrival). These values are a natural
mainder of the analysis is analogous to the one with startiegtensions of Discussion B

level zero. (ax) .
2) The Throughput when the First Levels are SkippedP [‘Xﬂmt =kNB :Sl}
(STATIC): The ISAP scheme will never poll at leveél; (or PX:=knDB* =S5k
before, since these levels do not exist); thus, the probability — E[X?] (29)

of polling at levelS; 4 1 increases. This causes the expecteghq
number of slots at leveb; and S; + 1 to be different from ¢ (k, 1)
the ones we had before (Subsection C-2). The other expected" ’

values remain the same. The expected number of slots at level = P[XC(ZT,) =kNB, = 51}
S; matche=2®: because we start at this level. For leeH 1,

2™ Srnax * __ 7. * * (1., " 7
we start by looking at (18) (where we addtato all random — Z PIX;=kNB" = Sl]ta(kvslevS")J_
variables and sett equal toS; + 1). In view of Discussion F, - E[X;]
adding a+ only changes the first two values (of the right-hand (30)

side) in this expression. Based on the fact that the events at level _ . _ 3
S, are similar to those of the ISA scheme, and with the startifgnally, we need to find#; (i, &, S;), being the probability that

level at zero, the product of these two values is given by @ tagged arrival is successful at or before leyéinowing that
n i there weret — 1 other participants, and the CC started at level
PP =S +1|X] =k

S;. Using the results of the previouss section (see STATIC), we
: E[sgjj} ‘X; =knNPf =5+ 1] find that F:(S;, k, ;) = €2 727 /C¥" 1! and Fr(S; +
us, 2, k,S51) = Fo(Si + z,k) for x > 0. These results can be
— gn—Si Z iP [ng) —i|X, = k} ) (26) combined to obtain the average delay of the system. Let us now
Pt focus on the delay density function. As in (14)is the number

(ks So, 3 Sa) = P [ X\ = 50 Biyy = Sa | X[ = k0 B} = Sy

n+1-—5; i\t
AtYe N
= % pa(k7 Sps t)l{(thl ASe=S, — V(B <t< B ASq =S )V (t> B ASe=S,+1)}
t=1 s
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of frames that the tagged element compejeis, the length of level is fixed at 0. Next the influence of the starting lev&|

the CC (in frames) in which the tagged request was generateddiscussed. Then the impact of the use of a dynamic scheme

and S, the level at which this CC started. While- 1 is the for the starting level is considered. Finally, we look at the effect

number of other competitors next to the tagged element,  of using multiple instances of ISA. Additional numerical results
can be found in [17].

A. The Influence of the Polling Threshold on the System

_ Z Z Z Performance

51 Sy=Smin j=[@]—s I=1 Figs. 5 and 6 show the influence switching to polling has
ALFE(f(Sp,5) +5—1,1, f(Sp. 7)) on the mean delay and the throughput. As expected, we get a
. a ; G;(D) tradeoff between the delay and throughput characteristics: the

on . sooner the ISAP protocol switches to polling, the shorter the
_ <Z JPIR, = S, +j—1|X; = kN B" = 5] o (k Sb)) mean delay, but the lower the throughput.
1+ ER: — S| X =knB*=5] 7 From the figures, we observe that the protocol behaves very
(31) Similar for different.V,, values when the arrival rateis small
(below 0.25). A similar result is obtained for large values\of
(beyond 5). Both these results are intuitively clear. Polling is
not an issue in these cases: forvery small, collisions rarely
occur, and hence ISAP solves the collisionsy i very large,
the remaining size of the address space is too large to switch to
polling.
Let us now consider moderate values foRecall that for the
polling thresholdV,, = 40, respectively}V,, = 20, the protocol
2) The Throughput when the First Levels are Skipped (DW" never start polling until level 3, respectively, level 4. Thus,

. . : =~ L~ the impact ofV,, on the performance measures is low for small
NAMIC): In the previous section we obtained the joint distri- P D b

bution of (X, 3*). This is used to derive an expression forthvalues ofA. If the arrival rate increases (look at the range 0.5

throughpul™, as shown in (33) at the bottom of the page,whe%” 1), the probability that collisions at level 2, respectively, 3

the expected values were obtained in the evaluation of the st te introduced increases. In most cases, these collisions contain
modexlp vajues w : ! valuat ?‘/é(l“y few participants, and hence occasionally 32, respectively,

16 polling slots are provided at level 3, respectively, 4 to poll
very few competitors. Therefore, the throughput decreases with
increasing value ofV,,. If A is increased even more, beyond

In this section, we use the analytical model to investiga@e, polling is postponed in most cases to a later level (as the
the impact of the arrival rate, the trigger valueV,,, and the expected number of collisions at level 2, respectively, 3 becomes
starting levelS; on the mean delay, the delay density fundarger than one) and will contain more participants. This results
tion, and the throughput. The system parameters are set as fvhigher throughput values for a fixed value &f,.
lows. The number of mobiles is 128, hence= 7. The arrival ~ Fig. 7 shows the impact of polling on the delay distribution
rate A (requests per frame) varies between 0.05 and 3.5. Tiwaction (for\ = 1). Itillustrates that the main improvement of
three values studied for the polling threshafg are 0, 20, and the delay is located within the tail of the distribution.
40, where the first case corresponds with the ISA scheme. The o
starting levelS; will vary from level 0 to 2. When studying a B- The Influence of Skipping Levels (STATIC) on the System
system with a dynamic starting leve; and B,, are set to 1 Ferformance
and 4, respectively. Therefore, the level is decreased by one ifFigs. 9 and 10 illustrate the impact.8f on the average delay
the CC is solved in one frame; and is increased by one if the @@d the throughput. In these figures we have three different types
consists of four or more frames. The boundary values are séturves—full, dotted, and dashed—correspondin§;te- 0,
as follows:S,,;;, = 0 andS,,.x = 2. The number of instances 1, and 2, respectively. Moreover, for each valu&gthe results
varies between 1 and 4. for N, = 0, 20, and 40 are depicted. For a fixed valueSpf

We study four different scenarios. First, we investigate ttthe upper curve corresponds Ay, = 0, the middle curve to
impact of the polling thresholdv,,. In that case, the starting vV, = 20, and the lowest tdv,, = 40.

where the functioryf(Ss, j) is given by
InaX(Sminv Sb - 1) 7 < Bl
F(Su, ) =14 S B <ji<B, (32
Inin(SmaX7 Sb + 1) J 2 Brn

andAlF;(xvyvz) equaISF;(xvyv Z) - F;(x -1y, Z)'

IV. NUMERICAL RESULTS

. _ E[X]]
Ta - 2n S (33)
3 PIX;=knBr=S]E |3 5 X;:IgmB*:Sl]
k=0 S;=>5min %
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the infiuence of polling on ISA
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The inmpact of skipping levels on density function
T T T 10 === T T T T

1" T T

the average delay (in frames)
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k3 o5 ] 5 P 25 s a5 2 2 s s T :
the mean arrivai rate A (per frametime} number of frames
Fig. 5. The impact of polling on the mean delay. Fig. 8. The impact of skipping with = 1 andN,, = 20.

The influence of Skipping Levels
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Fig. 6. The impact of polling on the throughput. Fig. 9. The influence of skipping on the mean delay.
10° T T — The Delay, Denstty Fum,uon . . os ‘ . Influencel of Poliing and' Skipping ' '
045

throughput
o
n
5

10 'F T 0.2
128 MOBILES - 0.15
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_20 p 1
LN o N =20 v 01
__ N=o . :
P X oos|H
|
10-25 1 L 1 1 I 1 1 - -3 o 1 1 1 1 . L
2 4 [ 8 10 12 14 16 ] 0.5 1 1.5 2 25 3 35
number of framas the arrival rate A {per frame)
Fig. 7. The impact of polling on the delay density function with= 1. Fig. 10. The influence on the throughout 5%, = 0, 20, and 40.

Skipping the first levels leads to a decrease of the medfh and N, = 40. Second, notice that the curves converge
waiting time. Let us now focus on the impact of polling forslower for increasing value of; (observe the differences for
variable values of;. First, Fig. 9 shows a faster decrease of the = 3.5 in Fig. 9). Fig. 10 represents the throughput results for
delay due to polling, when the starting level is larger. This caM,, = 0, 20, and 40. We see that for low values)gfskipping
be seen by observing the area between the curve¥foe 0, levels results in a lower throughput (as most of #ieslots are
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The influence of a dynamic starting level
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The influence of a dynamic starting level
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The influence of multiple instances of ISA
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The influence of multiple instances on the delay.
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Fig. 12. The influence of dynamic skipping on the throughput¥gr= 20.  Fig. 14. The influence of multiple instances on the throughput.

wasted). If\ becomes larger, this loss is converted in a smdR- The Influence of Multiple Instances of ISA on the System
gain, due to the fact that the majority of the slots before levBerformance

S contains collisions. The influence of skipping levels on the Notice that we can apply the analysis presented in Section Il
delay density function is shown in Fig. 9. in order to evaluate the influence of multiple instances. In this
final scenario A varies between 0 and 6. Figs. 13 and 14 show
tl%a delay and throughput results for three configurations. In the
%rst, we have one instance and the starting I&as fixed at 2.

In the second, we have two instances, with= 1. Finally, we

From the previous sections we may conclude that a higHgVve four instances, with; = 0.
starting level has a positive impact on the delay and even on thé-€arly, the more instances we use, the better the average
throughput, especially for larger values bf Unfortunately, a delay; except for very small and very large values\ptvhere
high price is paid for this in terms of throughpuifs small. The &/l scenarios perform alike. For more moderate values,of

aim of this section is to show that the dynamic scheme as D%Egre eX|s'ts ? iradeoit betwetin the dlialai/hanéj tlhroug(f;[ikt:t; Ithus,
posed in Section 1I-D solves this problem. That is i small, € more instances we use, the smaller tne delay and the fower

the result should tend to the results fr= S....: while for A the throughput is. Still, this time, the decrease in throughput is

large, the behavior should be similar to the one correspondiﬁﬁ?jgsreably smaller, thereby making use of multiple instances

t0 5; = Smax.

Figs. 11 and 12 show that this is the case 8y = 20),
meaning that a system where the levels are skipped dynamically
is able to limit the maximum delay while keeping the throughput In this paper, the performance analysis of the identifier split-
high. ting algorithm combined with polling (ISAP), when employed

C. The Influence of Skipping Levels (DYNAMIC) on the Syst
Performance

V. CONCLUSIONS
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on an uplink contention channel used in a wireless access ngt4] P. F. M. Smulders and C. Blondia, “Application of the asynchronous
Work’ was presented Both the delay densrty functlon and the transfer mode in indoor radio networks,” Rroc. Joint PIMRC WCN

Conf. 94 The Hague, The Netherlands, 1994, p. 839.

throuQ_hpm characteristics were Obtaine.d anlallyticallly.. 'V'U“ip'qls] B. Tsybakov and N. Vvedenskaya, “Random multiple access stack al-
numerical results have shown that the identifier splitting algo-  gorithms,”Prob. Inform. Trans.vol. 16, pp. 230-243, July—Sept. 1980.

rithm combined with polling (ISAP), enhanced by a mechanisni!6] B. Van Houdt and C. Blondia, “Performance evaluation of the identifier

splitting algorithm with polling in wireless ATM networksliit. J. Wire-

of skipping in a dynamic way th_e first levels, leads to a good less Inform. Networks/ol. 7, no. 2, pp. 91-103, 2000.
tradeoff between low delay and high throughput results. Finallyj17] B. Van Houdt, C. Blondia, O. Casals, J. Garcia, and D. Vazquez-Cor-
the use of multiple instances was shown to have a good impact tizo, “A MAC protocol for wireless ATM systems: Supporting the ATM

on the delay, with little throughput losses.

(1]
(2]
(3]

(4]

(3]

(6]

(71

(8]

9]

(10]

[11]

[12]

(13]

service categories,” iRroc. 16th Int. Teletraffic Conf. (ITC)L999.
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