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Abstract. In this paper, the performance of IEEE802.16e random access proto-
col with handover procedure is examined in terms of access throughput and mean
access delay, by using equilibrium point analysis(EPA). In the analysis, retrans-
mission probability, which is a typical input parameter in the literature so far, is
iteratively obtained from equilibrium number of backlogs in the system in con-
junction with a binary exponential backoff algorithm. In numerical examples, the
effects of SSs’ mobility on access throughput and mean access delay are exam-
ined.

1 Introduction

Among the various features of the physical layer in IEEE802.16a/b/c/d/e, we focus
on orthogonal frequency-division-multiplexing(OFDM) with TDD mode. The frame
structure and its detailed description of our interest are given in [1]-[3]. In this paper,
we examine the performance of IEEE 802.16e MAC protocol with mobility by using
EPA, since the analysis using a Markov chain to describe various states of a subscriber
station(SS) is formidable [3] due to the explosion of the state space. One can find some
previous works on IEEE802.16 random access protocol [3]-[6] in the literature. This pa-
per is organized as follows. In section 2, the handover procedure of IEEE802.16e MAC
protocol is described and its analysis is given. The numerical examples are discussed in
section 3. Concluding remarks are given in section 4.

2 IEEE 802.16 MAC protocol

2.1 Procedure of Bandwidth Request and Handover Ranging

The random access protocol of IEEE802.16e is a class of demand-assigned multiple
access(DAMA). The basic procedure of the random access protocol without handover



procedure is summarized in [3]. Here, we focus on the handover procedure(HO) only.
Whenever an SS crosses a cell-boundary irrespective of its actions, such as, retrans-
missions of bandwidth request code, data transmission or waiting for CDMA allocation
message, and so on, it performs the following handover procedure. According to the
carrier-to-interference-noise ratio(CINR) of a serving base station(BS), an SS sends
HO-request message and receives HO-response message. After that, the SS sends HO-
indication message to the serving BS. At this point, the SS doesn’t scan DL/UL-MAPs
of the serving BS any more. Note that HO-request and HO-indication messages from
the SS are also delivered through the random access procedure in parallel with data
traffic transmission. Here, we assume that these two signalling messages are negligi-
ble for our modelling, because of their parallel transmission structure. In a target BS,
the SS performs a HO-ranging procedure which is contention-based synchronization(or
adjustment) to the system. It uses a PN code in HO ranging code group. Note that an
SS has already known a group of HO ranging codes in a target BS from the neigh-
bor cell advertisement message in the previous serving cell. At the end of HO-ranging
procedure, registration, authentication and other procedures may follow or be omitted
according to the HO optimization field within HO ranging response message. In case
of an omission of such signalling procedures, the information of an SS is transferred
to the target BS from the serving BS. The detailed operations are given in [2]. In or-
der to complete HO procedures, the SS can restart the bandwidth ranging procedure.
Therefore, the time before restarting the bandwidth ranging procedure in a target BS
from the transmission termination in the previous serving BS forms a random delay at
least due to the HO ranging procedure, if we may view the initiation epoch of HO as
the beginning of HO-indication message transmission. For simplicity of the analysis,
we assume that the elapsed time up to the bandwidth ranging procedure in a target BS
from the HO ranging procedure, which includes signalling delay, takesy frames.

2.2 Equilibrium Point Analysis

In TDD mode, it is hard to transmit a response message on DL-subframe in the (i+1)-
th frame when the message corresponding to the response message has been received
on UL-subframe in thei-th frame, because the decoding time for the message received
from UL-subframe and the encoding time for the message to transmit on DL-subframe
may overlap for practical implementation. We assume that the delay from the reception
of the bandwidth request code to transmission of its response, i.e., processing delay,
and the delay from the reception of the bandwidth request message to transmission of
its channel allocation, i.e., scheduling delay, are respectivelyz andx frames. In addi-
tion, the delay byT3 timer on retransmissions and the delay of the HO procedure are
respectively assumed to bew andy frames.
In Fig.1, a set of modes an SS can be in is shown. The modes C, B, R and T re-
spectively denote the initial bandwidth request code transmission-, its retransmissions-,
bandwidth request message transmission- and data transmission-mode. Additionally,
PTi, PBj , PRk and for0 ≤ i ≤ z − 1, 0 ≤ j ≤ x − 1 and0 ≤ k ≤ w − 1, denote
the delay experienced by C, R and B mode. The modes of H and Hl for 0 ≤ l ≤ y − 1
denote the HO ranging procedure with transition probability,ph, and signalling delay.
Finally, the mode,In, for 0 ≤ n ≤ u − 1, denotes that an SS moves out of a serving
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Left : Fig.1. A model of IEEE802.16e MAC protocol, Right : Fig.2. A modified model of
IEEE802.16e MAC protocol.

BS between traffic arrivals. Transition from one mode to another occurs at the end of
a frame. In mode C, an SS has data to be transmitted with probabilityσ. In mode R,
an SS retransmits the bandwidth request code with probabilityp, after it is known that
the previous transmission of a bandwidth request code is not successful. The transi-
tion from T to B indicates the piggyback of the bandwidth request message at the end
of data transmission with probabilityγ. In each mode, it may move out of a serving
BS with probabilitym. Once an SS enters the mode of H0, its transitions to Hl for
1 ≤ l ≤ y− 1 occur with probability one. We assume a finite population ofM SSs in a
given cell. Before proceeding further, we modify the model in Fig.1 under the condition
of σ ≤ p as shown in Fig.2 in order to merge two inputs to the ranging channel into
one[7]. In order to focus on the effect of mobility upon traffic transmission, the mode,
In, ∀n, are ignored. The parameters,v andv, in Fig.2 are expressed asv=m̂(1−σ/p),
v=m̂(σ/p) andm̂=1−m. Accordingly, in a given BS, the system state is described by
the vector (C, R, B, T , PTi, PBj , PRk, H, H l), ∀i, ∀j, ∀k and∀l, whereC is the
number of SSs in mode C,R is the number of SSs in mode R, and so on. We denote the
equilibrium variables of the state variables for the system by the corresponding lower-
case letters, (c, r, b, t, pTi, pBj , pRk, h, hl), ∀i, ∀j, ∀k and∀l. Since the transitions
within the states to represent the delay,pTi, pBj , pRk ∀i, ∀j and∀k, occur with prob-
ability 1 −m, one can readily find the following relations :pTi+1=m̂pTi=m̂i+1pT0,
pBj+1=m̂j+1pB0 andpRk+1=m̂k+1pR0, ∀i, ∀j, ∀k. At the states,PT0, PR0, PB0, B
andT , one can also obtain the followings :pT0=S(r), pR0=pm̂r−S(r), pB0=m̂b,
b=m̂

(
pTz−1+γt

)
and t=m̂pBx−1, whereS(r) is the expected input to the system,

which will be derived later. By the same way, at the states,H l andH, one can get the
followings : hl+1=hl, ∀l, h0=phh andh=m

(
hy−1+r+b+t+ď

)
+(1 − ph)h, where

ď=
∑z−1

i=0 pTi+
∑x−1

j=0 pBj+
∑w−1

k=0 pRk. Because the sum of SSs in all the states must
beM , the following equation is satisfied.

(1− γ)vt = σ

(
M − r − t− b− ď−

y−1∑

l=0

hl − h

)
(1)



With some manipulations, one can expressb, t and each sum ofpTi, pBj andpRk, ∀i,
∀j and∀k, in terms ofr andS(r). Substituting these into (1) and rearranging it as

M =
[
(1 + µ)

(
1 +

m̂

m
p(1− m̂w)

)]
r +

[ [
(1 + γ)v + σ

σ
+ µ

]
m̂xφ

+ (1 + µ)
[
φ + m−1

(
m̂w + (1− m̂x)m̂φ− m̂z)

)]]
S(r) (2)

in whichφ=m̂z/(1−γm̂x+1). The expected input to the system,S(r), can be expressed
asS(r)=Ltf(r), wheref(r) indicates the mean number of successfully received PN-
codes on a slot-subchannel givenr SSs.

f(r) =
r∑

k=0

k∑

j=0

Pd(j)φc(j; Nc)
(

k

j

)
(1/Lt)j(1− 1/Lt)k−j

(
r

k

)
p̃k(1− p̃)r−k (3)

with p̃ = p(1 − m). We denote the mean number of the distinct PN codes transmit-
ted on a slot-subchannel, provided thatj SSs transmit PN codes randomly chosen
among total ofNc PN codes byφc(j; Nc), which is given in [3]. Pd(j) is the prob-
ability that a PN code sent by an SS will be successfully identified amongj codes
in a slot-subchannel givenNb neighboring BSs, which is heuristically expressed as
Pd(j) =

(
eθ(j−θt) + ε

√
Nb

)−1
, where the first and second terms in the right-hand side

represent intra- and inter-cell multiple access interference(MAI), respectively. The pa-
rameter,θ, is the extent of degradation due to MAI andθt is threshold at whichPd(j) is
1/2, whenε=Nb=1. The parameter,ε, is a weight for intercell MAI. The second term
must be greater than or equal to1. Pd(j) can be also derived by considering physical
parameters[8]. For measuring performance, we definere as the equilibrium number of
r in R state of the system which can be obtained by solving (2). Using Little’s result,
one can obtain the initial access delay,D, and access throughput,S, respectively as
follows.

D =
(

re +
w−1∑

k=0

pRk +
y−1∑

l=0

hl + h

)
/S (4)

with S = S(re). Whenever unsuccessful accesses occur, each SS involved increases its
contention window size in a binary exponential manner. That is, the contention window
size after thek-th collision,W (k), is given by

W (k) = min
(
W02(k−1), Wm

)
, 1 ≤ k ≤ Km (5)

whereW0 is an initial window size andWm is the maximum ofW (k). WhenW (k)
reachesWm, Wm is repeatedly used. An SS deferes its retransmission the time ran-
domly selected amongW (k). In order to include a binary exponential backoff algo-
rithm, we estimate the retransmission probability,p, as follows. With an initial guess
for p andre, one can obtain the transmission success probability,ps, as follows.

W =
Km∑

k=1

ps(1− ps)k

(
W (k)− 1

2

)
, with ps = S(re)/re (6)



whereKm is the maximum exponent ofW (k). Then, the retransmission probability,
p, can be obtained byp=1/W . By updating, and substitutingps andp into (2) at each
iteration, we can obtainS andD when bothp andre converge.

3 Numerical Examples

The parameters ofPd(j), θ=1.5, θt=4.5, ε=0.42 andNb=6 are used. For delay pa-
rameters,x=3, y=8, z=3 andw=5 are also used withph=0.8. Additionally, the pa-
rameters of the binary exponential backoff algorithm,W0=1, Nm=6 andWm=70, are
used. Finally, the piggyback probability,γ, number of PN codes,Nc, number of slot-
subchannels,Lt, and the traffic generation probability,σ, are respectively set to0.01, 4
and6.
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In Figs.3 and 4, by varying HO occurrence probability,m, HO ranging success proba-
bility, ph, and the population size,M , S andD are respectively depicted. Whenm=0,
the model just considers the performance of IEEE 802.16d random access protocol,
which doesn’t include handover procedure. Whenm becomes large,S andD respec-
tively decreases and increases. This can be expected, because SSs with high mobility
will more frequently experience the handover procedure which includes its own delay



and the retransmission procedure, compared to SSs with low mobility. In addition, when
handover signalling delay,y, is reduced,S andD respectively increases and decreases.
In Figs.5,S is observed according toWm. WhenWm increases, the maximum ofS
moves toward largeM . In Fig.6,S is depicted versusD.

4 Conclusion

In this paper, we examined the performance of random access protocol of IEEE802. 16e
with handover procedure, in terms of access throughput and mean access delay as an ex-
tention of [3]. The increase of mobility results in the reduction of access throughput and
the increase of mean access delay, which results from the fact that each handover pro-
cess includes the random access procedure as well as its own signalling delay. Although
EPA provides accurate results for a stable system with large number of stationary SSs
in a BS [7], as a future work, the analytical results may be validated by simulation ac-
cording to handover occurrence probability, due to variance of number of SSs handed
over among BSs. It would be also interesting to analyze the performance when an SS’s
mobility shows memory.
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