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Abstract

In this paper, we study the hand-off performance of a wireless system with heterogeneous
technologies calledCAR (Integrated Cellular and Ad hoc Relaying). In iCAR, hand-offs can
occur not only from a Base Transceiver Station (BTS) to another BTS, but also from a BTS
to a so-calleddd hoc Relaying Sation (ARS) in the form of relaying, as well as from an ARS
back to a BTS. The latter two types of hand-offs effectively increase the hand-off buffer time
and thus reduce the call dropping probability. We develop an analytical model for the hand-off
performance in iCAR. In addition, we verify the analytical model via simulations and quantify
the hand-off performance benefits of the ICAR system over conventional cellular systems. It
is anticipated that the analytical and simulation models reported in this paper will serve as
a guideline to other researches on the inter-system hand-off involving heterogenous wireless
technologies.
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1 Introduction

In cellular concept [1], a geographical area is divided into small units calidg each having

a Base Transceiver Station (BTS). A portion of the total pool of channels are allocated to each
of these BTS'’s, and the adjacent cells use different sets of channels to minimize the co-channel
interference. Hence, a call in progress needs to be handed over to a neighboring cell, while the
Mobile Host (MH) moves across cells. Hand-off of a call is important in the sense that dropping
of an on-going call is more annoying to the subscriber than blocking of a new call. One way of
reducing the dropping probability of a hand-off call is to reserve a fixed number of channels (called
guard channels) exclusively for the hand-off requests [2]. However, this may reduce the channel

efficiency [3].

*This research is in part supported by NSF under the contract ANIR-ITR 0082916.
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In addition to the cellular networks, various wireless technologies and systems (such as Satellite
Systems [4], Wireless Local Area Networks (WLANS) [5], Mobile Ad hoc Networks (MANET) [6]-

[7], Bluetooth [8], Home RF Networks [9], and Sensor Networks [10]-[11]) have been developed
over the years. The emergence of different wireless technologies have called for the need of an in-
tegrated heterogeneous wireless infrastructure, to make the communication system more efficient
and robust. In [12], thentegrated Cellular and Ad hoc Relaying (iCAR) system was introduced

to address the congestion problem due to limited bandwidth in a cellular system and provide in-
teroperability in heterogeneous networks. In iCAR, an MH is allowed to use the Data Channel
(DCH) available in a nearby cell (other than the cell it is located in) via relaying thrédgioc
Relaying Sations (ARS s) which are placed at strategic locations in the system. By using ARS’s
along with the signaling and routing protocols presented in [13], it is possible to divert traffic from
one (possibly congested) cell to another (non-congested) cell. This helps circumvent congestion,
and makes it possible to maintain (or hand-off) connections involving MH’s that are moving into a
congested cell, or to accept new call requests involving MH’s that are in a congested cell.

In [12, 14], the performance of ICAR in terms of the call blocking probability was studied via
analysis and simulations. It was shown that iCAR could effectively balance traffic load among
cells, and more importantly, overcome the barriers imposed by the cell boundaries and share chan-
nels between cells, which in turn leads to significantly lower call blocking probability than a cor-
responding cellular system. Note that, although dynamic channel assignment (DCA) approach
[15, 16] can assign the channels to the cells dynamically as calls arrive, and the channel borrow-
ing approach [17] can borrow available channels from neighboring cells when congestiorf,occurs
their performance is still limited by the co-channel interference constraint. More specifically, in
order for two cells to use the same channels without co-channel interference, the two cells have
to be at leastl cells apart from each other (whefas normally equal to 2). As can be seen from
Fig. 1, if channelf is used by an MH in cell C which is only — 1 cells apart from cell B, then

the MH X in cell B cannot use chann¢l However, in ICAR (see Sec. 2 for the operations of

*Here we consider a FDMA system. In TDMA and CDMA systems, DCA and channel borrowing approaches are
less efficient [18].
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Figure 1: iCAR has a better channel efficiency than DCA or channel borrowing does.

ICAR), the MH X can use channglthrough relaying to achieve a better performance as lorfg as

is available in the neighboring cell A (which dscells apart from cell C). Note that, relaying may

also be affected by the channel interference within the relaying spectrum itself. However, such
interferences can be minimized using a special medium access control (MAC) protocol, such as
signature laced communication, or use of smart antennas [19]. However, we do not address the
interference and MAC issues in this paper.

In this paper, we focus on the hand-off performance in an iCAR system, and compare the hand-
off call dropping probability of iCAR with that of the conventional cellular system using fixed
channel assignment (FCA) approach. The analytical model for hand-off performance is generated
through a number of steps which include the derivation of the distribution function of the hand-off
buffer time, the probability that a hand-off request will be blocked in iCAR, and the derivation of
the probability that a hand-off request occurs. In addition, we conduct simulation experiments with
more realistic assumptions to verify our analysis and quantify the hand-off performance gain in the

ICAR system. For a fair comparison, it is assumed that both iCAR and the cellular system under
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Figure 2: Two examples of relaying operations in iCAR. (a) A relaying example where MH X
communicates with BTS A through two Mobile Relaying Stations (ARS’s); (b) Secondary relaying
to free up a channel for MH X.
consideration use the same amount of spectral bandwidth (resources) though in different ways.
This is in contrast to the assumption in the previous studies where the unlicensed Industrial, Science
and Medical (ISM) band channel, used for relaying, was assumed free of cost. Our results show
that with the same amount of channel resource as in conventional cellular systems and a limited
number of ARS'’s, the iICAR system can reduce hand-off call dropping probability significantly and
achieve higher channel efficiency. We expect that the analytical and simulation models developed
for ICAR will also provide new directions of research for other integrated heterogeneous networks,
such as the coverage overlaid wireless systems (ranging from satellite to Bluetooth).

The rest of this paper is organized as follows. Section 2 reviews the basic operations of the
ICAR system. Section 3 discusses an analytical model for hand-off calls in ICAR. Section 4

provides the simulation results and discussions. Finally, Section 5 concludes the paper.

2 An Overview of ICAR System

In this section, we briefly describe basic operations and main benefits of ICAR (see [12] for more
details). To simplify the following presentation, we focus on cellular systems where all BTS'’s are
controlled by a Mobile Switching Center (MSC) [20].

The basic idea of the iCAR system is to place a number of ARS’s throughout the geographical

4
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coverage area to relay the signals between the MH's in the congested cell and BTS'’s in the non-
congested cell. Each ARS and MH in the iCAR system has two air-interfaceS, (floe cellular)
interface for communications with a BTS and Réfor relaying) interface for communicating with

an MH or an ARS. The R interface uses a separate set of channels so that it has no interference to
the transmission at the C-interface. Note that, although the R-interface, which is similar to that used
in wireless LANs or ad hoc networks (see for example [5]-[7]), can operate at the unlicensed ISM
band (i.e., utilize the “free” spectrum), one can also reserve a number of DCH’s in the licensed
cellular band for relaying, so that the iCAR system does not consume more bandwidth than a
conventional cellular system does. Moreover, the special medium access control (MAC) protocol,
such as signature laced communication, or use of smart antenna, can be adopted for relaying so
that the interference between the R-interfaces and the delay over multi-hop relay are minimized.
In addition, because multiple ARS’s can be used for relaying, the transmission range of each ARS
using its R interface can be much shorter than that of a BTS, which implies that an ARS can
be much smaller and less costly than a BTS. It is worth mentioning that, to install a new BTS
in the crowded downtown area could be very expensive because of not only the equipment cost
but also the right of way to install the equipment and the cost for system planning, which make
the conventional approaches (such as cell splitting [21, 22]) unattractive to increase the system
capacity.

In present cellular systems, if an MH is involved in a hand-off (or new) call (as a caller or
callee) in a congested cell and is unable to find a DCH, the hand-off (or new) call will be dropped
(or blocked). For example, consider a scenario in Fig. 2 where MH X is currently involved in a
call and is moving out of cell A into cell B which is congested (i.e., does not have any available
DCH’s at this time), a request for hand-off will be sent as soon as the power level from BTS A
received by MH X goes below a certain threshold (and that from BTS B is becoming higher). A
successful hand-off will take place, usually within a few hundred milliseconds (depending on the
moving speed of the MH) before the received power from BTS A reaches an unacceptable level

[3, 20, 23]. If the congestion in cell B persists for a period of time during which the MH moves
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farther away from BTS A thus causing the received power level from BTS A to fall below the
acceptable level, hand-off will fail and the call will be dropped [24, 25, 26].

However in iCAR, the call does not have to be dropped even though the congestion in cell
B persists. More specifically, when MH X moves into the congested cell B, it can communicate
with an ARS in cell A, possibly through other ARS’s in cell B (see Fig. 2 (a) for an example).
We call this strategy that establishes a relaying route between MH X (moving into a congested
cell) and a BTS in a nearby non-congested peiinary relaying. With primary relaying, MH X
can continue to communicate with BTS A through relaying. If primary relaying is not possible
because, for example in Fig. 2 (a), ARS 1 is not close enough to MH X tofdoexs (and there
are no other nearby ARS’s), one may resorsdcondary relaying. A basic case is illustrated in
Fig. 2 (b), where MH Y denotes any active MH in cell B which is currently involved in a call. As
shown in Fig. 2 (b), MH Y is within the coverage area of ARS 3, therefore, one may establish a
relaying route between MH Y and BTS A, so that MH Y can use the DCH in cell A via relaying.
Accordingly, the channel released by MH Y in cell B can be assigned to MH X. Since cell B is a
congested cell, itimplies that there are many on-going calls in cell B, and there is a high probability
that at least one active MH (like MH Y) can be found even when there are only a limited number
of ARS’s in the system.

Note that, although a hand-off call may be supported in the cellular system when the MH
involved in the calljust moves into cell B (i.e., the MH is still around the cell boundary) due to
the overlapped cell coverage or the soft hand-off (and/or cell breathing) in the CDMA [27] system,
the call will be eventually dropped while the MH moves farther away from BTS A. But in iCAR,
due to the multi-hop relaying via ARS's, the relaying path can extend to any area inside a cell,
and thus further reduce the dropping probability of the hand-off calls. In addition, the primary and
secondary relaying operations can not only balance traffic load butfédstvely anddynamically
share the DCH'’s between the cells in iCAR. Two theorems and the analytical model as well as the
results presented in [12, 14] have shown that channel sharing can significantly improve the channel

efficiency and reduce the request blocking probability, even when the traffic load is balanced among
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M Number of DCH’s in a cell.
PL Line coverage of the ARS's.
pa | Area coverage of the ARS's.
Thr Unencumbered duration of a new call or a hand-off call.
Tr Hand-off buffer time.
Tag | Time an MH resides in the ARS coverage where the call (via relaying) is originated.
T, Time an MH resides in the cell where the call is originated.
Ty Time an MH resides in the cell where the call is handed off.
Pp. | Blocking probability of a cellj in a conventional cellular system.
Pp; | Blocking probability of a cellj in an iCAR system.
Pg | Blocking probability of a cell in a conventional cellular system.
Pr | Blocking probability of a cell in an iCAR system.
P4_p | Dropping probability of a given hand-off attempt from an ARS to a BTS.
Pp_p | Dropping probability of a given hand-off attempt from a BTS to a BTS.
Py | Probability that a non-blocked new call requires at least one hand-off before completion.
Py | Probability that a hand-off call requires another hand-off before completion.
Pr Probability that a call is supported via relaying.
Py | Probability that an ARS-to-BTS hand-off attempt happens given the call is supported via relaying.
P, | Probability that an ARS-to-BTS hand-off happens in a cell.
Pry | Probability that a non-blocked new call is dropped.
P Dropping probability of iCAR.

Table 1: List of Notations Used In Analysis

the cells.

3 Hand-off Performance Analysisin iCAR

In this section, we introduce an analytical model for the hand-off calls in iICAR. We first derive
the probability that a given hand-off attempt fails, and then compute the probability that a hand-off
attempt occurs. The readers are also referred to [2] for the hand-off analysis in a conventional
cellular system.

For simplicity, we assume that there is unlimited relaying bandwidth (used by the R interface).
Although this assumption is not very practical, as it grants more spectrum resource to the iCAR
system resulting in an unfair comparison with the cellular system, the analytical model provides
insight into the behavior of the hand-off call dropping probability in iCAR. In Section 4, we will

conduct simulations with more realistic assumptions. We also assume that there is no priority given
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to the hand-off requests. In other words, there are no channels reserved for the hand-off calls, and a
hand-off request will be blocked immediately without queuing when there is no channel available.
In addition, we ignore buffer time for hand-off calls due to the overlapped cell coverage or soft
hand-off as this can be present in both the conventional cellular system and iCAR but instead,
focus on the benefits of being able to perform hand-offs between BTS and ARS, which effectively
increases the hand-off call buffer time. We consider a system where one ARS is placed at each
shared border of two cells, and assumeo be thearea coverage of the ARS’s which is a fraction
of the cell area covered by the ARS’s, apdto be theline coverage of the ARS’s which is a
fraction of the cell border covered by the ARS'’s.

We define a random variabl&,; with an exponential distributiohto denote the unencumbered

duration of a new call or a hand-off call. The density functiorfpf is

pe ot >0
0, otherwise

fra(®) = { W

Wherei Is the mean value df,;. We assume that the speed &nd the moving directiordj of
an MH are uniformly distributed random variables but remains constant in a cell. The respective

density functions are given by

L 0<o<y,
_ Vinaz = = Vmax
() _{ 0, otherwise (2)
whereV,,.. I1s the maximum velocity of an MH, and
Loo<o<n
fe(0) = { , otherwise 3)

Note that, although the moving direction of the MH corresponding to a new call may bé&ftom
27, we can consider the range [6f 7] only, because of the symmetry. The moving direction for
a hand-off call is assumed to be frairto 7 (i.e., the active MH does not move back to the cell

where it was located).

tAlthough recent research [28] shows that the hand-off call duration obeys more of a lognormal distribution or
shifted exponential distribution rather than a standard exponential distribution, for analytical tractability we will use
an ideal exponential pdf in this paper. iICAR handoff performance with non-exponential call duration [29] will be
studied in our future work.
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Figure 3: An example of call hand-off.
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Figure 4:Tg analysis.

We denote the blocking probability of a cglin a conventional cellular system (i.e., without
relaying) by Pz, and that in an iCAR system (i.e., with relaying) B%;. Pz, and Py, can be
obtained from the existing analytical models [4] and [14], respectivelydenotes the number of

DCH'’s in each cell.

3.1 Hand-off attempt failure probability

We first discuss the probability that a given hand-off attempt fails. There are two types of hand-off
in ICAR : BTS-t0-BTS hand-off and ARS-to-BTS hand-off. In the former, a connedfibnout
relaying is handed over from one BTS to another, while in the latter, a conneathor@laying is

handed over from an ARS to a BTS.
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3.1.1 ARSto-BTS hand-off

Given the assumption of no priority for the hand-off attempts, the probability that a hand-off at-

tempt from an ARS to a BT$will be rejected is
Pa_p = P, (4)
3.1.2 BTSto-BTS hand-off

For a hand-off attempt from¥7'S; to BT'S; (see Fig. 3 for example), the probability that it fails in
a conventional cellular system is equal to the blocking probability ofjc@llithout relaying), i.e.,
P..

In the iICAR system, when an MH crosses the shared border of two cells, it may be covered
by ARS’s with a probabilityp, . If the MH associated with the hand-off attempt is not covered by
an ARS, the probability of this attempt being rejected is equal to the blocking probability gf cell
(with relaying), i.e.,Py;. On the other hand, if the MH involved in the hand-off is covered by an
ARS (i.e., crossing line AOB in Fig. 3), it will try a normal BTS-to-BTS hand-off and succeed if
there are free DCH's available in cell Otherwise, it will still use the DCH oB7'S; via relaying
through the ARS until one DCH dBT'S| is released so that the MH may use the released DCH, or
the call is finished, or the MH moves out of the coverage of the ARS. We define a random variable
Tr to be the time duration of an MH travelling within the coverage of the ARS after crossing the
cell border (i.e., the time of the MH travelling from a point on the line AOB to a point on the
curve ACB in Fig. 3). In other words, the MH has the additional time of upgdo complete the
hand-off process, and we call this period Hamd-off buffer time in ICAR. Because of the hand-off

buffer time, the hand-off attempt will be rejected only when

1. all DCH’s in cell j are busy (even with relaying) at the moment when the MH crosses the

shared border of the two cells (with a probability/f ), and

2. the remaining call duration is longer than the hand-off buffer time (with a probability of

PT{TM > TR}), and

10
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3. there is no DCH in celj to be released, i.e., none of the on-going calls in ¢édl finished
and no active MH moves out from cellwithin the hand-off buffer time (with a probability of
[PATy > Tr}-(1— Py)]M, wherePy is the probability that a non-blocked new call requires

at least one hand-off before completion, which will be discussed later in Section 3.2).

Based on the above conditions, the probability that a BTS-to-BTS hand-off attempt will be

rejected in ICAR is

PB—B = (l—pL)-P};j—i-pL-ng-PT{TM>TR}

[P ATn > Tr} - (1 — Py)M (5)
where the probability of,; > Tk is given by

PATy > T} = / T Py () frat)de 6)

In Equation 5,M andp,, are the known iCAR system design parameters. The call duration
Ty, being exponentially distributed with a mean value};ois also known.P;; is obtained from
the analytical model developed by Wu et. al. [14]. The distributioiipfs yet to be determined.

In order to obtain the density function ©%;, we consider the ARS at the shared border of cell
i and cellj (see Fig. 4), and first derive the density function of the random varigbigich is the
distance that an MH travels before it moves out of the coverage of an ARS (i.e., the distance from
a point on line AOB to a point on the curve ACB as shown in Fig. 4).

Let us denote- to be the transmission range of an ARS ande the random variable repre-
senting the distance from an MH on the line AOB to the ori@inAssuming that an MH has equal

probability to appear at any position on line AOB,

1l o<a<r
Fxl@) = { 0, otherwise. (7)
From Fig. 4, we have
r? = d* + x* — 2dxcosl (8)

11
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Sinced is a function of two random variablesand#, we can derive the density function df

(i.e., fo(d)) by defining an auxiliary variable = z, so thatd = arccos(£t2=") andz = w.
2dw

Accordingly, the Jacobian transformation is

20 o0
. od  ow o0
oz o ad
od  Ow
w2 — 42— 2

d\/4d2w2 — (d? + w? —r?)?

d? + r? — w?

pu— 9
dv/Ad?w? — (d? + w? — r2)2 ®)
and yields the joint density function dfandw
2 2 .2
fow(d,w) = J_lfx@(w,arccos(d—i_;uTT))
~ bl i <w<n (10)
r o
Hence, the density function dfis given by
fo(d) = Jaw(d; w)dw (11)
|d—r|
The hand-off buffer time is given by
D
TR = % (12)
with the corresponding density function
Vmazx
fre(t) = / lv| fov (tv,v)dv
0
Vmazx
= [ ent)soa (13)
0

wherefp(-) and fi/(-) are obtained from Equations 11 and 2, respectively.
Finally, we substitute the expression fér, into Equation 6 to obtai’,. {7, > T}, and
computePs_p using Equation 5. As it is difficult to obtain a closed-form expressionffgr we

computeP,.{Ty, > Tr} and Pg_p numerically, and the results are presented in Section 3.4.

12
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Figure 5: Call Dropping rates for different MH moving speeds- 1/120.

3.2 Probability that a hand-off attempt occurs
In this subsection, we derive the probability that a hand-off attempt occurs.

3.2.1 BTSto-BTS hand-off

The probability that a BTS-to-BTS hand-off attempt occurs may be obtained in a similar way as
that introduced in [2] for a conventional cellular system. More specifically, dendiintp be

the random variable representing the time for which an MH resides in the cell where the call is
originated, andl}, to be the random variable representing the time for which an MH resides in
the cell where the call is handed off, we may obtain the probability that a non-blocked new call
requires at least one hand-off before completiély ), and the probability that a hand-off call

requires another hand-off before completiéty | as follows.

Py = PATy > T,} = / T = By, ()] fr (1)t (14)

PH = PT{T]\/[ > Th} = /Oo [1 — FTM (t)]fTh (t)dt (15)
0

Approximating the cell (which is modelled as a hexagon) to be a circle with the same coverage

(see the circle with radiugB,, in Fig. 3), we may obtain the estimation of the distribution function

13
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Figure 6: Call Dropping rates for differeptvalues. MH moving speed ism/s.

of T,, andTj}, in a similar way as that we used to obtdip. The only difference is that, in the case
to obtainTy, the MH can only appeaon aline (i.e., line AOB in Fig. 3), however for the case
to obtain7,, and7},, the MH may appear at any positiovithin andon the circle with radiusR,,,

respectively. Thus, the details on derivatioriigfandT), are omitted.
3.22 ARSto-BTS hand-off

The probability that an ARS-to-BTS hand-off happens in a dell)(is
Py = Pag x Pr (16)

where P,y is the probability that an ARS-to-BTS hand-off attempt may happen given the call is
supported via relaying, anfl; is the probability that a call is supported via relaying. Similar to
PN!
Pag = PATy > Tan}
= [ - Pl o )
0
in which Ty is a random variable of the time duration of an MH travelling within the coverage

of the ARS, assuming it starts a call via relaying at any position within the ARS coverage. Its

distribution function may be obtained in a similar way to that used to dé&ijve

14
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In each cell, there is a one-to-one mapping between the calls supported via relaying and the
calls that would be blocked in a conventional system but are accepted because of using primary
or secondary relaying. Thus, we may estimateas Py — Py, wherePy and Pj; are the average
blocking probabilities without and with relaying in a cell, and then, compute the probability that

an ARS-to-BTS hand-off happenB/).

3.3 Call dropping probability in iCAR

In this subsection, we derive the call dropping probability of an iCAR system based on the above
discussions. We assume that all cells in an iCAR system have the same average traffic intensity
and the same average call blocking probabilf®y;). Thus, the probability that a non-blocked new

call is dropped in the L-th cell, i.e. it

1. succeeds in the firét—1 BTS-to-BTS hand-off attempts (with a probabilityB]ffPIgL—2)(1 —
PBfB)(L_l)L

2. and succeeds in the ARS-to-BTS hand-offs in the first 1 cells (with a probability of
PEI(1 = Pap)® ),

3. but fails on the L-th BTS-to-BTS hand-off attempt (with a probabilitypf ),

4. or even though it succeeds on the L-th BTS-to-BTS hand-off attempt, it fails on the ARS-to-
BTS hand-offs in the L-th cell (with a probability ¢ — P_g)P4Pa_5),

PL, =[Py 5+ (1 — Pg_p)PaPa_p| - [PnPYF Y
(1= Ppp) B VPV (1 = Pap) Y]

Accordingly, the probability that a non-blocked new call will be dropped is,

Pry =Y _ Phy (19)

L=1

and the dropping probability of an iCAR systef is
Py =(1-"Pg) Pru (20)

15
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3.4 Results

We now present the numeric results for the hand-off call dropping probability in an iICAR system.
Average traffic intensity in a cell is considered to be varying frdnto 50 Erlangs, and each cell

has the same number of data channéls £ 50). We assume the center-to-vertex distance of a
cellis R = 2000 meters, and thug,, = % x R = 1820 meters. The ARS transmission range

r is assumed to b&00 meters, which corresponds ¢ = 0.5 andp, = 0.23 when users are
uniformly distributed.

We first compute the call dropping probability of the systems with and without relaying under
different MH mobilities, where the average call duration is assumed to be fixéthatcc. As
shown in Fig. 5, the ICAR system has a much lower call dropping probability than that of a con-
ventional cellular system. The performance gain in the iCAR system is due to the added hand-off
buffer time contributed by the relays. As expected, the call dropping probability increases with
the MH moving speed, because the higher MH mobility results in higher probability that an active
MH may move out of the coverage of a BTS or an ARS, and consequently the higher probability
that a hand-off attempt occurs (i.&%, Py, andP,). As an example, when the MH moving speed
increases from.5m/s to 15m/s, the call dropping probability increases by abbitimes in both
the conventional cellular system and iCAR. Fig. 5 also shows that the call dropping probability
increases with the traffic intensity. This is because higher traffic intensity results in lesser channel
resource availability at any cell, which affects new calls as well as hand-off calls.

Unlike call blocking probability, call dropping probability may vary widely under different
average call duration values (i.¢/,), even though the traffic intensity is the same. As shown in
Fig. 6, a higher call duration results in a higher call dropping probability, because increasing the

call duration increases the probability of hand-off attempt, and ultimately the call dropping rate.

4 Simulation and Discussions

To evaluate hand-off performance (i.e., call dropping probability) under more realistic assump-

tions, we have developed a simulation model using the PARSEC language [30] and the GloMoSim

16
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Figure 7: Simulation Environment.

simulator [31]. In this simulation, we consider a system with one ARS placed at each shared border
of two cells, while all cells have the same average traffic intensity and the same number of DCH’s
(50). Also, the MH mobility is assumed to be uniformly distributed.

In our previous studies [12, 14], we have compared the call blocking probability of iCAR
with that of a cellular system having the same number of DCHSs, but the former uses additional
unlicensed band for relaying. In this paper we consider a cellular structure with channel reuse
factor 7. In order to make a fair comparison, we assume that in a 7-cell cluster there are 7 additional
channels available either for use as additional DCH's in conventional cellular system or for relaying
as in iICAR. This assumption ensures that the ICAR system does not consume more bandwidth
than that used by a conventional cellular system. To satisfy the co-channel interference constraint
in conventional cellular system, each cell in a 7-cell reuse cluster gets one out of 7 additional
channels. As a result, each BTS (i.e., cell) in the conventional cellular system, used for comparing
with iICAR, has51 DCH's. On the other hand, due to possible interference at the R-interface, the
number of calls that an ARS can relay simultaneously can also be less than 7. In our simulation
model, we assume that an ARS can relay a maximumaaflls simultaneously. Note that the co-
channel interference at the R-interface is less critical, as the number of ARS’s are limited compared
to the number of MH’s. By adopting special MAC protocol, such as signature-laced ARS-to-ARS
communication, or use of smart antennas [19], the relaying channel interference can be effectively

minimized.
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Figure 8: Call dropping rates with varioud,. Maximum MH moving speed i$5m/s; call
duration is120s.

The analytical model assumes a large system with unlimited number of independent cells, and
thus an MH will never reach the boundary of the system. However, it is very difficult, if not
impossible, to simulate such a large system. Instead, we use a novel design as shown in Fig. 7,
which includes a cell and sixhalf-cells. Two corresponding half-cells (e.g3; and B, or C;
andCs, or D; and D,) form one cell, sharing the same BTS. When an MHnoves out of a half-
cell (e.g.,B;) through the dashed line, it will enter the corresponding half-cell (&g.without
a hand-off. We consider the calls originated in cé&]land observe the dropping rate. Note that,
an active MH may pass through a cell several times before the call terminates, therefore the cells
cannot be assumed independent as we did in analysis.

In the analysis, we have assumed that a call via relaying will be switched from the proxy ARS to
the BTS as soon as there is a DCH available at the BTS. Although this strategy results in the lowest
call dropping probability, it may not be efficient for a real system. Specifically, when the traffic
intensity is high, an active MH may switch over frequently between an ARS and a BTS because
the secondary relaying requests may need the on-going call to be switched back to the ARS soon
after it was switched to the BTS, and consequently results in a large amount of signaling overhead.

In this simulation, we assume that the call will not be switched over to the BTS if the number of
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Figure 9: Call dropping rates with various MH moving speeds and call duratign= 4.

DCH'’s at the BTS is lower than a certain threshaldy), unless it would be dropped otherwise.
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Figure 10: Call dropping rates with various call queuing timé, = 4; maximum MH moving
speed id5m/s; call duration is120s.

Fig. 8 shows the call dropping rates for a conventional cellular system and an iCAR system

with different values ofM, where the call duration and the MH moving speed are fixed to be

120sec and 15m/ s, respectively. As we can see, the iCAR system has a significantly lower call

dropping rates than that of a conventional cellular system. Moreover, the iCAR system using a

lower Mp has a lower call dropping rate, which, however, has the tradeoff for a larger amount of
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signaling overhead. For instance, the number of signaling messagesWhen0 is about50%
more than that when/p = 4.

We also notice that the call dropping rates obtained from the simulations are higher than the
analytical results. There are several reasons. Firstly, the cells in the simulation are correlated, but
they are assumed to be independent in the analysis. Secondly, the cells are approximated as circles
in the analytical model, which may affe€}, and7},, and consequently’y and Py. Thirdly, the
number of relaying channels in the analytical model is unlimited, while the simulation assumes
7 relaying channels (in which can be used simultaneously) for each ARS. Fourthly, we have
ignored the signaling overhead in analysis. Finally, the valuBjbbtained from the analytical
model is lower than that in the simulation (see [14] for more discussion).

Fig. 9 shows the call dropping rate under various MH moving speeds and the average call
duration. Both of these two factors have significant effect on the probability of hand-off attempt
(i.e., Py, Py, andP,), and accordingly the call dropping rates. The results verify the capability of
ICAR to improve the hand-off performance under various conditions. Within the normal operation
range (e.g., when the traffic intensity in a hot cell is lower tharnF4%ings), the iCAR system
can reduce the call dropping probability by up to 50% of that of a cellular system. Also, along the
line of analytical observations, higher moving speed and longer call duration result in higher call
dropping rates in both the conventional cellular system and the iCAR system.

In the above study, we have assumed that a request will be blocked immediately if there are
no DCH's available (i.e., a so callddss system). We also simulate gueuing system, where an
immediately unsuccessful hand-off request may be queued for a finite Xifmefurther attempts,
before it is rejected. We implement a First In First Out (FIFO) queue at each BTS. The hand-off
requests (as well as the new call requests) are rejected only when there are no free DCH’s and their
gueuing time exceed Fig. 10 shows the call dropping rates in the systems with various maximum
gueuing time. One may observe that the ICAR system helps reduce the call dropping probability
in the queuing system as well. In addition, the systems that allow a longer queuing time have a

lower call dropping probability.
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It may be noted that all results obtained in this work are under the assumption that there is no
priority for hand-off calls, i.e., there are no channels reserved for hand-off requests. However, a
conventional cellular system usually reserves a certain number of channels to accommodate the
hand-off attempts in order to reduce the call dropping probability of hand-off calls. But this also
increases the blocking probability for new calls. The relays in an iCAR system introduce the
added buffer time for hand-off calls. Thus, unlike the conventional cellular systems, the iCAR
may not require reserving any channels for hand-off calls, yet it performs better and at the same

time increases channel efficiency.

5 Conclusion

In this paper, we have studied hand-offs in iCAR, which can occur among the BTS’s as well as
between BTS’s and ARS'’s. The latter is an example of inter-system hand-off involving heteroge-
nous wireless technologies. We have evaluated the hand-off performance in terms of call dropping
probability via analysis and simulation. Through a more realistic simulation model, the analyt-
ically observed trends have been verified. We have shown that an ICAR system, with a limited
number of relaying channels and under comparable (or equal) bandwidth assumptions, has signif-
icantly reduced hand-off call dropping probability and achieved higher channel efficiency over the
conventional cellular system. Our simulation results indicate that under normal traffic load the call
dropping probability of the iCAR system can be reduced by up to 50% of that in the conventional
cellular system. In our future work, we will study iCAR handoff performance with more realistic

mobility models and non-exponential channel holding time as discussed in [29].

References

[1] V. MacDonald, “The cellular concept,The Bell System Technical Journal, vol. 58, no. 1,
pp. 15-43, 1978.

21



Submitted to ACM Wireless Networks (WINET)

[2] D. Hong and S. S. Rappaport, “Traffic model and performance analysis for cellular mobile

radio telephone systems with prioritized and no-protection handoff procediBEE Trans-

actions on \ehicular Technology, vol. 3, pp. 77-92, 1986.

[3] V. Garg and J. Wilkeswreless and Personal Communications Systems. Prentice Hall, 1996.

[4] J. D. Gibson,The Mobile Communications Handbook. CRC Press, Inc., 1996.

[5]

[6]

[7]

[8]

[9]

[10]

[11]

V. Bharghavan, A. Demers, S. Shenker, and L. Zhang, “"MACAW: A media access protocol
for wireless LANS,” inProceedings, 1994 SGCOMM Conference, (London, UK), pp. 212—
225, 1994.

S. Das, R. Castaneda, J. Yan, and R. Sengupta, “Comparative performance evaluation of rout-
ing protocols for mobile ad hoc networks,” #th Int. Conf. on Computer Communications

and Networks (IC3N), pp. 153-161, 1998.

A. Nasipuri, J. Zhuang, and S. R. Das, “A multichannel csma mac protocol for multihop
wireless networks,” irProceedings of the |IEEE Wireless Communications and Networking

Conference (WCNC), September, 1999.

J. Haartsen, M. Naghshineh, J. Inouye, O. Joeressen, and W. Allen, “Bluetooth: Vision,
goals, and architecturelylobile Computing and Communications Review, vol. 2, pp. 38-45,

Oct 1998.

K. Negus, A. Stephens, and L. Jim, “HomeRF: Wireless networking for the connected home,”

|EEE Personal Communications, vol. 6, pp. 20—27, 2000.

C. C. Shen, C. Srisathapornphat, and C. Jaikaeo, “Sensor information networking architecture

and applications,JEEE Personal Communications, vol. 8, no. 4, pp. 52-59, August 2001.

I. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci, “Wireless sensor networks: a

survey,”Computer Networks, vol. 38, pp. 393-422, 2002.

22



Submitted to ACM Wireless Networks (WINET)

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

H. Wu, C. Qiao, S. De, and O. Tonguz, “Integrated cellular and ad-hoc relay systems: iCAR,”
|EEE Journal on Selected Areas in Communications special issue on Mobility and Resource
Management in Next Generation Wireless System, vol. 19, no. 10, pp. 2105-2115, Oct. 2001.
Edited by lan F. Akyildiz, David Goodman and Leonard Kleinrock.

H. Wu, C. Qiao, and S. Dixit, “Signaling and routing protocols in icar (integrated cellular and

ad hoc relaying system),” iWreless IP, ch. 21, pp. 441-455, Artech House, 2002.

H. Wu and C. Qiao, “Modeling iCAR via Multi-dimensional Markov Chain8CM Maobile
Networking and Applications (MONET), Special Issue on Performance Evaluation of Qos

Architecturesin Mobile Networks, vol. 8, no. 3, pp. 295-306, 2003.

K. Sivarajan, R. McEliece, and J. Ketchum, “Dynamic channel assignment in cellular radio,”

in IEEE Vehicular Technology Conference (VTC), pp. 631-637, 1990.

L. Chen, H. Murata, S. Yoshida, and S. Hirose, “Wireless dynamic channel assignment per-
formance under packet data traffi¢EEE Journal on Selected Areas in Communications,

vol. 17, no. 7, pp. 1257-1269, 1999.

S. K. Das, S. K. Sen, and R. Jayaram, “A dynamic load balancing strategy for channel assign-
ment using selective borrowing in cellular mobile environment,Mabile Computing and

Networking, pp. 73-84, 1996.

H. Salgado, M. Sirbu, and J. Peha, “Spectrum sharing through dynamic channel assignment
for open access to personal communications service$EHRE International Communica-

tions Conference (ICC), pp. 417-422, 1995.

T. Neubauer and E. Bonek, “Smart-antenna space-time umts uplink processing for system
capacity enhancement,” Advancesin UMTS Technology, pp. 126—-145, Hermes Penton Inc,
2002.

T. RappaportyMreless Communications Principle and Practice. Prentice Hall, 1996.

23



Submitted to ACM Wireless Networks (WINET)

[21] H. Holma and A. Toskala)MCDMA For UMTS, p. 44. John Wiley & Sons, 2000.

[22] A. Gamst, “Study of radio network design stategies,'EEE Vehicular Technology Confer-
ence 36th, pp. 319-328, 1986.

[23] G. StuberPrinciples of Mobile Communication. Kluwer Academic Publishers, 1996.

[24] S. Rappaport, “Blocking, handoff and traffic performance for cellular communication sys-

tems with mixed platforms JEE Proceedings, vol. 140, no. 5, pp. 389-401, 1993.

[25] H. Ebersman and O. K. Tonguz, “Handoff ordering using signal prediction priority queueing
in personal communication system&ZEE Transactions on Vehicular Technology, vol. 48,

no. 1, pp. 20-35, 1999.

[26] A. Xhafa and O. K. Tonguz, “Dynamic priority queuing in personal communication systems:
An analytical framework for performance evaluation,Hroc. of the 10th | EEE International
Symposium on Personal, Indoor, and Mobile Radio Communications (PIMRC’ 99), pp. 1346—
1350, 1999.

[27] A. Viterbi, CDMA Principles of Soread Spectrum Communication. Addison-Wesley, 1996.

[28] Y. Fang and I. Chlamtac, “Teletraffic analysis and mobility modeling for pcs netwdiksE

Transactions on Communications, vol. 47, no. 7, pp. 1062-1072, 1999.

[29] Y. Fang and I. Chlamtac, “Analytical generalized results for the handoff probability in wire-

less networks,TEEE Transactions on Communications, vol. 50, no. 3, pp. 396-399, 2002.

[30] R. Bagrodia, R. Meyer, M. Takai, Y. Chen, X. Zeng, J. Martin, B. Park, and H. Song, “Parsec:

A parallel simulation environment for complex systen@gimputer, pp. 77-85, Oct. 1998.

[31] X. Zeng, R. Bagrodia, and M. Gerla, “GloMoSim: A library for parallel simulation of large-
scale wireless networks,” iaroc. Workshop on Parallel and Distributed Smulation, pp. 154—
161, 1998.

24





