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Abstract—In this paper, we propose a mobility-aware call admission control (MA-CAC) algorithm with a handoff queue (HQ)
in mobile hotspots, where different admission control policies are
employed, depending on the vehicle mobility. Specifically, when a
vehicle is static, a handoff priority scheme with guard channels is
studied to protect vehicular handoff users because handoff users
may get on the vehicle. In addition, an HQ is examined during
stopping to further accept handoff users. On the other hand, for a
moving vehicle, no guard channels for handoff users are allocated
to maximize channel utilization. By means of Markov chains, we
evaluate MA-CAC with an HQ in terms of new-call blocking
probability (NCBP), handoff-call dropping probability (HCDP),
handoff-call waiting time in the HQ, and channel utilization.
Analytical and simulation results demonstrate that MA-CAC with
an HQ can lower both the HCDP and the NCBP while maintaining
high channel utilization.
Index Terms—Channel utilization, handoff-call dropping
probability (HCDP), handoff queue (HQ), Markov chain, mobile
hotspot, mobility-aware call admission control (MA-CAC),
new-call blocking probability (NCBP).

I. I NTRODUCTION

C

URRENTLY, high-speed rail systems in Korea [also
known as the Korea Train eXpress (KTX)] provide invehicle wireless Internet services by means of internal wireless
local area network (WLAN) connections and external highspeed downlink packet access (HSDPA) connections. In addition, portable mobile relays, which are gateways between
WLANs and HSDPA or mobile Worldwide Interoperability
for Microwave Access (also known as WiBro in Korea), allow
Internet access via WLAN interfaces, and they are available on
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the market (e.g., Egg from Korea Telecom). Moreover, Seoul
City has started free Internet services in taxis using these mobile
relays. Since users spend increasingly more time in vehicles
(e.g., cars, buses, subways, and trains), these services (referred
to as mobile hotspots [2]) will be more popular in the future.
Recently, extensive studies have been conducted for mobile
hotspots in terms of mobility management, quality-of-service
(QoS) provision, and performance evaluation. Pack et al. [2]
compared a network mobility (NEMO) basic support protocol
with a session-initiation-protocol-based (SIP) NEMO support
protocol in terms of handoff latency. Under SIP-NEMO environments, Chiang et al. [3] proposed a proxy-aided simultaneous handover mechanism, in which a session control manager
for simultaneous handover in mobile hotspots was introduced.
In [4], Zhang et al. introduced an intracluster communication
scheme to guarantee seamless handoff in mobile hotspots.
QoS support in mobile hotspots was investigated in several
works. Lera et al. [5] developed an architecture for two-hop
communications based on both the universal mobile telecommunications system and IEEE 802.11. Niyato and Hossain
[6] proposed bandwidth allocation schemes in heterogeneous
multihop wireless networks, but mobility was not investigated
in detail. Wang et al. [7] introduced a bandwidth-sharing
reservation scheme for reserving resources between a mobile
router (MR) and its home agent (HA) to overcome the problem
of mobile resource reservation protocols in mobile hotspots.
In [8], Lee et al. devised a QoS-enabled handover, in which
the MR negotiates the aggregate QoS requirements of its
attached MNs.
The performance of mobile hotspots was evaluated by analysis, simulations, and experiments. Perera et al. [9] implemented
a mobile hotspot system consisted of an MR and NEMOcapable HA prototypes and demonstrated that duplicate address
detection latency is significant in mobile hotspots. Song et al.
[10] analyzed the delay performance in mobile hotspots under
the assumption that a vehicle is always moving: In other words,
getting on/off events, which are unique features of mobile
hotspots, were not considered. Pack et al. [11] conducted the
throughput analysis of Transmission Control Protocol-friendly
rate control in mobile hotspots by developing discrete-time
queueing models for links with wireless wide area networks
(WWANs) and WLANs.
In our previous work [12], unique features (i.e., heterogeneous wireless links with WLANs and WWANs) in mobile
hotspots were identified and analyzed. In addition, the results in
[11] and [12] revealed that an efficient resource management is
indispensable in mobile hotspots. Moreover, our measurement
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study [13] in KTX and cars confirmed that current Internet
services in mobile hotspots are not satisfactory due to the
absence of resource management schemes. In particular, uplink
throughput is unmatched with the requirements of interactive
multimedia applications such as multimedia or voice over Internet Protocol (VoIP).
In mobile hotspots, handover from an external base station
(BS) to an access point (AP) at the vehicle is needed since
handover allows a user to be connected to the WLAN AP with
better channel conditions and a low (or zero) connection fee.
In such a handover scenario, call admission control (CAC)
at the AP is indispensable for QoS provision. In particular,
since the WLAN capacity is shared by multiple vehicular users
and session-oriented applications (e.g., VoIP) are sensitive to
disconnection/disruption due to handover, a well-defined CAC
algorithm should be devised to satisfy QoS requirements in
mobile hotspots. However, to the best of our knowledge, no
works on CAC in mobile hotspots have been reported in the
literature.
In this paper, we propose a mobility-aware CAC (MA-CAC)
algorithm with a handoff queue (HQ) in mobile hotspots. MACAC with an HQ introduces two phases: stop and moving.
At the stop phase, a vehicle stays at a location (e.g., a bus
stop or a subway station); thus, vehicular users can join the
AP (i.e., riding on the vehicle). In this situation, a handoff
priority scheme with guard channels is examined to protect
vehicular handoff users1 from vehicular new users. On the other
hand, at the moving phase, there are no vehicular handoff users
since no one can ride on the moving vehicle. Hence, no guard
channels for handoff users are allocated to maximally utilize
the AP resource. In addition, to further reduce the handoff-call
dropping, an HQ is adopted when all channels are occupied at
the stop. By means of Markov chains, we evaluate MA-CAC
with an HQ in terms of new-call blocking probability (NCBP),
handoff-call dropping probability (HCDP), waiting time in the
HQ, and channel utilization. Analytical and simulation results
demonstrate that MA-CAC with an HQ can lower both HCDP
and NCBP with high channel utilization. Note that the performance of MA-CAC with an HQ is not highly affected by the
amount of guard channels, whereas the performance of existing
CAC algorithms is sensitive to the number of reserved channels
for handoff calls. Furthermore, we establish an optimization
problem for determining the HQ size by considering HCDP,
NCBP, waiting time in the HQ, and channel utilization.
The main contribution of this paper is twofold: 1) We propose
a novel CAC scheme in mobile hotspots, and 2) we develop
analytical models for MA-CAC with an HQ and validate the
analytical results by extensive simulations.
The remainder of this paper is organized as follows.
Section II presents the system model, and Section III describes MA-CAC with an HQ. Analytical models based on
Markov chains are derived, and numerical results are given in
Sections IV and V, respectively. Finally, Section VI concludes
this paper.

1 Vehicular handoff users refer to those that have made calls with an external
BS and perform a handoff from the external BS to the AP at the vehicle [14].

Fig. 1.

Channel allocation in MA-CAC with an HQ.

II. S YSTEM M ODEL
Consider a scenario where a vehicular user with an ongoing
call rides on a vehicle. Then, the vehicular user should perform
a handoff from the BS to the AP installed in the vehicle; thus,
the call is referred to as a handoff call. On the other hand, the
vehicular user can initiate a new call after riding on the vehicle,
and then the call is considered as a new call with respect to
the AP.
In mobile hotspots, there are two types of handoff events: The
first event is from the AP to the BS, and the second event is from
the BS to the AP. For a former handoff, general CAC algorithms
will be performed at the BS. On the other hand, for a latter case,
a new CAC algorithm is needed to consider vehicular mobility,
which is the motivation of this paper. Therefore, hereinafter, we
consider only the handoff from the BS to the AP or CAC at
the AP.
CAC algorithms achieve efficient resource management by
limiting the number of admitted calls and by ensuring QoS to
users. Since mobile users experience severe service disruption
when handoff calls are dropped, many CAC algorithms employ
guard channels for prioritizing and protecting handoff calls.
MA-CAC with an HQ adopts the concept of guard channels
for handoff calls from the BS to the AP. However, unlike
the existing CAC algorithms [15]–[17], the guard channels
are dynamically assigned depending on the vehicular mobility.
That is, some guard channels are allocated for handoff calls
when the vehicle is static (e.g., at the stop) and vehicular users
are riding on. On the other hand, since handoff calls cannot be
generated during the movement of the vehicle, the remaining
WLAN channels can be used by new calls with no guard
channels.
Although the guard channels are employed, handoff calls can
be dropped if no more channels are available since new calls can
utilize all channels during the moving phase. Therefore, to handle this case, an HQ is installed at the AP. As shown in Fig. 1, a
first-in–first-out HQ with finite size K can accommodate more
handoff calls if no channels are available and the HQ is not full.
A handoff-call waiting in the head of queue is dispatched and
serviced immediately when a channel becomes free. However,
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Fig. 3. System model for performance analysis.

Fig. 2.

MA-CAC with an HQ.

a large size HQ (i.e., large K) can increase the waiting time
of handoff calls; thus, an appropriate queue size K should be
carefully determined.
Finally, to describe MA-CAC with an HQ, we consider the
discrete WLAN capacity as in [18], i.e., the WLAN capacity is denoted by C bandwidth units, as shown in Fig. 1.
This WLAN capacity C can be determined by considering
service requirements, e.g., VoIP capacity can be obtained as
[19]. In addition, we assume that each call requires a single
bandwidth unit.

channels at the AP (i.e., N is less than C) or the HQ is not full.
In other words, if N is less than C + K, the handoff call can
be accepted. On the contrary, if the incoming call is a new call,
the phase of the vehicle should be examined since the number
of channels allocated for new calls depends upon the phase. If
the vehicle is in the moving phase, the new call can be accepted
when N is less than C. On the contrary, the new call can be
admitted only if N is less than S when the vehicle is at the stop
phase.
Recent mobile terminals have multiple interfaces, such as
WLANs and WWANs. Hence, the blocked call can be redirected to cellular networks in WLAN/cellular interworking
systems. This is another interesting topic in mobile hotspots,
which is one of our future works.
IV. P ERFORMANCE A NALYSIS

III. M OBILITY-AWARE C ALL A DMISSION
C ONTROL WITH A H ANDOFF Q UEUE
MA-CAC with an HQ defines two phases: stop and moving.
At the stop phase, the vehicular users can ride on or get off the
vehicle. In other words, handoff calls are generated only at the
stop phase. Therefore, MA-CAC with an HQ sets guard channels for ensuring higher priorities to handoff calls. Specifically,
MA-CAC with an HQ employs a cutoff priority (CP) scheme
in which a fixed number of channels (i.e., C−S channels)
are exclusively used for handoff calls [20]. As mentioned in
Section II, the HQ is also adopted to further reduce handoffcall dropping events.
After stopping at a location, the vehicle moves to another
location, and then, the phase is changed from the stop phase to
the moving phase. Since no vehicular users can ride on the vehicle during the moving phase, we do not need to consider any
handoff calls for CAC. In other words, it is wasteful to reserve a
portion of channels (i.e., guard channels) for handoff calls during the moving phase. Consequently, the total WLAN capacity
C can be used by new calls at the moving phase. In addition,
the HQ is closed to new calls during the moving phase to accept
more handoff calls when the vehicle stops at the next station.
Fig. 2 shows the flowchart of MA-CAC with an HQ. N is
the number of calls currently served by the AP. In addition, KR
represents the remaining queue size. When a call departs from
the AP (i.e., call termination or user take-off), N is decremented
by 1, and a waiting call is dispatched if there exist some calls
in the HQ. On the other hand, if there is an incoming call, its
type (either handoff or new) should be first evaluated. When the
incoming call is a handoff call, the AP accepts it if there are free

To develop an analytical model, we consider a stochastic
process for mobile hotspots, as shown in Fig. 3. From τ0 to
τ1 , a vehicle is in the stop phase. During this time period,
both handoff and new calls can be generated. We assume that
the arrival processes of handoff calls and new calls follow
Poisson distributions with rates λH and λN , respectively. Then,
the total call arrival rate in the stop phase is drawn from the
Poisson process with rate λH + λN . On the other hand, the
call duration time in the stop phase follows an exponential
distribution with mean 1/μS . In addition, the dwell time in the
stop phase follows an exponential distribution with mean 1/ξS .
Note that there are no users riding a vehicle in the moving phase
(i.e., from τ1 to τ2 ). Hence, the new-call arrival process in the
moving phase is given by a Poisson process with rate λN . In
addition, the call duration and the dwell time in the moving
phase follow exponential distributions with means 1/μM and
1/ξM , respectively.
A. MA-CAC with an HQ
Based on the given assumptions, we have a state transition
diagram for MA-CAC with an HQ, as shown in Fig. 4 [21].
In state (i, j), i represents the phase (i.e., either stop (i =
0) or moving (i = 1)), and j is the number of calls in the
system. Therefore, the state space is given by S = {(i, j)|i ∈
{0, 1}, 0 ≤ j ≤ C + K}, where C and K are the capacities
of the AP and the HQ size, respectively. In the stop phase,
since MA-CAC with an HQ employs the CP scheme in which a
fixed number of channels (i.e., C−S channels) are exclusively
reserved for handoff calls [20], only handoff calls can be
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6) When i = 0 and j = C + K, we have
(CμS + ξS )πi, j = λH πi, j−1 + ξM π1, j .
7) When i = 1 and j = 0, we have
(λN + ξM )πi, j = (j + 1)μM πi, j+1 + ξS π0, j .
Fig. 4. Two-dimensional continuous-time Markov chain for MA-CAC with
an HQ.

accepted when i = 0 and j ≥ S. On the other hand, in the moving phase, MA-CAC with an HQ allows all available channels
can be used by new calls. In the stop (or moving) phase, the
call departure rates at each state are j · μS (or j · μM ) by the
memoryless property when j ≤ C. On the other hand, when
C < j ≤ C + K, the call departure rates become C · μS and
C · μM at the stop and moving phases, respectively, since the
total capacity of the AP is C. Finally, the phase transition rates
from the moving phase to the stop phase, and vice versa, are
ξM and ξS , respectively. Let p(i, j; ī, j̄) be the transition rate
from state (i, j) to state (ī, j̄). Then, the transition rates are
summarized as
p(0, j; 1, j) = ξS , for 0 ≤ j ≤ C + K
p(1, j; 0, j) = ξM , for 0 ≤ j ≤ C + K
p(0, j; 0, j + 1) = λN + λH , for 0 ≤ j < S
p(0, j; 0, j + 1) = λH , for S ≤ j < C + K
p(0, j; 0, j − 1) = j · μS , for 0 < j ≤ C
p(0, j; 0, j − 1) = C · μS , for C < j ≤ C + K
p(1, j; 1, j + 1) = λN , for 0 ≤ j < C
p(1, j; 1, j − 1) = j · μM , for 0 < j ≤ C
p(1, j; 1, j − 1) = C · μM , for C < j ≤ C + K. (1)
To find out the steady-state probability of MA-CAC with
an HQ, i.e., πi, j , we have the following balance equations in
Fig. 4.
1) When i = 0 and j = 0, we have
((λN + λH ) + ξS ) πi, j = (j + 1)μS πi, j+1 + ξM π1, j .
2) When i = 0 and 0 < j < S, we have
((λN + λH ) + jμS + ξS ) πi, j
= (λN + λH )πi, j−1 + (j + 1)μS πi, j+1 + ξM π1, j .
3) When i = 0 and j = S, we have
(λH + jμS + ξS )πi, j

8) When i = 1 and 0 < j < C, we have
(λN +jμM +ξM )πi, j = λN πi, j−1 +(j +1)μM πi, j+1 +ξS π0, j .
9) When i = 1 and j = C, we have
(jμM + ξM )πi, j = λN πi, j−1 + CμM πi, j+1 + ξS π0, j .
10) When i = 1 and C < j < C + K, we have
(CμM + ξM )πi, j = CμM πi, j+1 + ξS π0, j .
11) When i = 1 and j = C + K, we have
(CμM + ξM )πi, j = ξS π0, j .

Since it is hard to derive any closed forms for πi, j , we utilize
an iterative algorithm [22] for obtaining πi, j .
In terms of the NCBP, a new call is blocked when the number
of occupied channels is equal to or larger than S in the stop
phase. On the other hand, in the moving phase, a new call is
rejected only when all channels are busy. Thus, the NCBP of
MA-CAC with an HQ can be obtained as
PNCBP =

C+K


π1, j .

(3)

j=C

When we design CAC algorithms, how to efficiently utilize resources is an important issue. Therefore, we define the
channel utilization as the ratio of the expected number of used
channels to the total capacity. Then, the channel utilization U
can be obtained as
i=1 C+K
i=1 j=C
i=0
j=0 j · πi, j
i=0
j=C+1 C · πi, j
+
. (5)
U=
C
C
To derive the average handoff-call waiting time WQ in the HQ,
the average number of calls in the HQ can be first computed as
NQ =

i=1 j=C+K



(j − C) · πi, j .

(6)

i=0 j=C+1

On the other hand, by considering the vehicle’s phase, the
effective arrival rate can be obtained as
S−1


C+K−1


C−1


j=0

j=S

j=0

λe =
(λH + CμS + ξS )πi, j = λH πi, j−1 + CμS πi, j+1 + ξM π1, j .

π0, j +

On the other hand, a handoff call can be generated only at the
stop phase. In addition, the handoff call can be blocked when
there is no free space at the AP and the HQ. Consequently, the
HCDP is given by
π0, C+K
. (4)
PHCDP = P (j = C + K|i = 0) = C+K
j=0 π0, j

4) When i = 0 and S < j < C, we have

5) When i = 0 and C ≤ j < C + K, we have

C+K

j=S

= (λN + λH )πi, j−1 + (j + 1)μS πi, j+1 + ξM π1, j .

(λH +jμS +ξS )πi, j = λH πi, j−1 +(j +1)μS πi, j+1 +ξM π1, j .

(2)

λH ·π0, j +

(λN +λH )·π0, j +

λN ·π1, j . (7)
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Then, by Little’s law [23], WQ is given by
WQ =

NQ
.
λe

(8)

B. NP Scheme
We then analyze the performance of the nonpriority (NP)
scheme in which no channels are reserved for handoff calls
regardless of the phase. Since both new and handoff calls can be
accepted until the AP capacity is fully occupied, the transition
rates for the NP scheme are given by
p(0, j; 1, j) = ξS ,
p(1, j; 0, j) = ξM ,
p(0, j; 0, j − 1) = jμS ,

(0 ≤ j ≤ C)
Since a new call is blocked when j ≥ S in the CP scheme,
NCBP can be obtained from

(0 < j ≤ C)

p(0, j; 0, j + 1) = λN + λH ,
p(1, j; 1, j − 1) = jμM ,
p(1, j; 1, j + 1) = λN ,

Fig. 5. NCBP versus λN (A: analytical results; S: simulation results).

(0 ≤ j ≤ C)
(0 ≤ j < C)
(0 < j ≤ C)
(0 ≤ j < C).

CP
=
PNCBP

NP
NP
NP
= π0,
PNCBP
C + π1,C

(10)

NP
π0,
C
NP
= C
.
PHCDP
NP
j=0 π0, j

(11)

In addition, similar to (5), the channel utilization of the NP
scheme is given by

 NP
C
NP
j=0 j π0, j + π1, j
NP
.
(12)
=
U
C
C. CP Scheme
The CP scheme always preserves C−S guard channels for
handoff calls during the moving and stop phases. Hence, the
transition rates for the CP scheme are given by
p(0, j; 1, j) = ξS ,
p(1, j; 0, j) = ξM ,
p(0, j; 0, j − 1) = jμS ,

(0 ≤ j ≤ C)
(0 ≤ j ≤ C)
(0 < j ≤ C)

p(0, j; 0, j + 1) = λN + λH ,
p(0, j; 0, j + 1) = λH ,
p(1, j; 1, j − 1) = jμM ,
p(1, j; 1, j + 1) = λN ,

(0 ≤ j < S)

(S ≤ j < C)
(0 < j ≤ C)
(0 ≤ j < S).


CP
CP
π0,
j + π1, j .

(14)

j=S

(9)

Similar to MA-CAC with an HQ, the steady-state probability in
the NP scheme πi,NP
j can be obtained from the balance equations
(see Appendix A) by means of an iterative algorithm.
Because both new calls and handoff calls are blocked only
when j is equal to C, NCBP and HCDP of the NP scheme are
given, respectively, by

C



On the other hand, since handoff calls are dropped only when
there is no available channel in the stop phase, the HCDP of the
CP scheme is given by
CP
π0,
C
CP
PHCDP
= C
.
CP
j=0 π0, j

(15)

Finally, the channel utilization of the CP scheme U CP can be
obtained from

 CP
C
CP
j=0 j π0, j + π1, j
CP
.
(16)
=
U
C
V. N UMERICAL R ESULTS
Here, we evaluate the performance of MA-CAC with an HQ
against the CP and NP schemes in terms of NCBP, HCDP, channel utilization, and queue waiting time. For numerical analysis,
we assume that the WLAN of the mobile hotspot is based on
IEEE 802.11b whose nominal data rate is 11 Mb/s. Since it is
known that the effective maximum throughput of IEEE 802.11b
is 7.4 Mb/s [18], the WLAN capacity C is set to 7.4/0.128 ≈ 58
for video calls of 128 kb/s. The default value of S is assigned by
50, but we investigate the effect of S in Section V-C. Moreover,
the mean call durations in the stop and moving phases 1/μS
and 1/μM are both set to 6. In addition, ξS and ξM are 1/3 and
1/6, respectively. λH is fixed at 24, whereas λN is varied. To
verify the analytical results, we have developed an event-driven
simulator and conducted ten simulation runs with different seed
values independently, where a vehicle experiences 100 stop
phases and moving phases, respectively.
A. Effects of λN

(13)

The balance equations for obtaining the steady-state probability
πi,CP
j in the CP scheme can be found in Appendix B.

Fig. 5 shows NCBP as the new-call arrival rate increases. In
Fig. 5, it can be observed that NCBPs of MA-CAC with an
HQ, and the NP/CP schemes become higher with the increase
in the new-call arrival rate. In addition, the CP scheme has the
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Fig. 6. HCDP versus λN .

highest NCBP among three schemes since a portion of channels
is exclusively used for handoff calls. On the other hand, the
NP scheme has the lowest NCBP because the NP scheme can
accept new calls until the AP capacity is fully occupied. Since
MA-CAC with an HQ reserves C−S channels for handoff calls
during the stop phase, it exhibits slightly higher NCBP than
the NP scheme. In addition, it can be observed that the NCBP
of MA-CAC with a larger queue (i.e., K = 12) is higher than
that of MA-CAC with no queue since more handoff calls are
accumulated at the HQ, and these handoff calls are dispatched
from the queue as soon as any channel is released.
HCDP as a function of λN is shown in Fig. 6. It can be
seen that MA-CAC without an HQ has higher HCDP than the
CP scheme since MA-CAC without an HQ reserves channels
only during the stop phase and releases them during the moving
phase. In the case of the CP scheme, it preserves C−S channels
for handoff calls, even during the moving phase. Hence, HCDP
in the CP scheme can be lower than that in the MA-CAC without a queue. This shortcoming can be addressed by adopting the
HQ. As shown in Fig. 6, when K is 12, MA-CAC with an HQ
has the lowest HCDP since handoff calls can wait in the HQ,
although there is no available channel when the vehicle arrives
at the station. The effect of the HQ size will be elaborated in
Section V-B. In Figs. 5 and 6, the average values of each scheme
are obtained and plotted from simulations, and it can be found
that simulation results are consistent with analytical results.
The channel utilization is described in Fig. 7. Intuitively,
it can be seen that the CP scheme has the lowest channel
utilization since it wastes C−S channels during the moving
phase. On the contrary, it can be found that MA-CAC with
an HQ can achieve comparable channel utilization to the NP
scheme, regardless of K. To conclude, MA-CAC with an HQ
can efficiently utilize the channel as the NP scheme while
providing lower HCDP than the NP scheme.
To consider more realistic environments, we conduct more
simulations by assuming that the dwell time in the stop and
moving phases follows Gamma distributions. Gamma distribution is widely accepted for comprehensive simulations because
it is versatile and can emulate any general distribution by
selecting appropriate mean and variance [24].
Figs. 8 and 9 show NCBPs and HCDPs where the variances
of the dwell time in the stop and moving phases are high, i.e.,
the variance is ten times larger than Figs. 5 and 6.

Fig. 7.

Channel utilization versus λN .

2 and
Fig. 8. NCBP versus λN (Gamma distribution with variances 10/ξS
2 ).
10/ξM

2 and
Fig. 9. HCDP versus λN (Gamma distribution with variances 10/ξS
2
10/ξM ).

In Fig. 8, it can be observed that NCBPs fluctuate widely,
whereas the average values of each scheme follow similar
tendencies with that in Fig. 5. On the other hand, the range of
fluctuation in HCDP is smaller than that in NCBP, as shown
in Fig. 9. This is because handoff calls are generated only in
the stop phase, whereas new calls can occur both in the stop
and moving phases. Hence, the variances of the dwell time
in the stop and moving phases have limited impact on HCDP.
Consequently, it can be concluded that MA-CAC with an HQ
can work well under diverse environments.
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Fig. 12. Waiting time in the queue versus K (λN = 16).

0.7 and 0.5, respectively, and the HQ waiting time should be
bounded to 25 s. Then, the optimal K is determined as 12 since
any K larger than 12 cannot satisfy the constraints on PNCBP ,
PHCDP , and WQ .
C. Effects of S

Fig. 11. HCDP versus K (λN = 16).

B. Effects of K
Figs. 10 and 11 show the effects of HQ size K on NCBP
and HCDP, respectively. In Fig. 10, it can be observed that the
NCBP of MA-CAC with an HQ increases as K increases since
more handoff calls are accumulated at the HQ. On the other
hand, the HCDP of MA-CAC with an HQ decreases proportionally to K, as shown in Fig. 11. In short, an appropriate K
should be selected by striking the balance between NCBP and
HCDP.
In terms of selecting K, the HQ waiting time should be also
taken into account. Fig. 12 shows the HQ waiting time WQ as
a function of the queue size K. Apparently, WQ increases as K
increases. Since users are sensitive to the increased WQ , the HQ
waiting time should be bounded. Based on these observations,
we establish an optimization problem for choosing K as
maxK

U

s.t. PNCBP ≤ α, PHCDP ≤ β, WQ ≤ γ
where α, β, and γ are the threshold values for PNCBP , PHCDP ,
and WQ , respectively. α and β are system parameters, and γ
can be set by considering the characteristics of target applications. For example, delay-sensitive VoIP applications require
smaller values of γ to limit the HQ waiting time. Using Fig. 7,
Figs. 10–12, the optimal K solving the given optimization
problem can be easily obtained. Assume that α = 0.7, β = 0.5,
and γ = 25. Then, the NCDP and the HCDP should be less than

Table I demonstrates NCBP, HCDP, and the channel utilization as a function of S, which determines the amount of
reserved channels. Since a smaller S means that more channels
are reserved for handoff calls, NCBPs of MA-CAC with an HQ
and the CP scheme increase as S decreases. On the contrary,
lower HCDP is observed when more channels are reserved, i.e.,
S is small. In addition, Table I indicates that the channel utilization becomes low as more channels are exclusively reserved for
handoff calls in the CP scheme.
Interestingly, it can be found that the performance of the CP
scheme in terms of NCBP and HCDP is highly sensitive to S.
Therefore, if an inappropriate S is set owing to dynamics in
call arrival and duration patterns, the performance of the CP
scheme can be significantly degraded. On the other hand, MACAC with an HQ shows almost constant NCBP and HCDP,
regardless of S. This characteristic makes it easy to determine
the appropriate S in MA-CAC with an HQ.
D. Effects of ξS
In Fig. 13, the effect of the dwell time in the stop phase 1/ξS
is investigated. In Fig. 13, it can be observed that NCBPs of
MA-CAC without a queue and the NP scheme converge into
almost the same value as the dwell time in the stop phase
becomes smaller. This is because MA-CAC without an HQ
operates as the NP scheme during the moving phase if the
dwell time in the stop phase is short; thus, the moving phase
dominates. Similarly, in Fig. 13, it can be seen that the impact
of the queue size diminishes in MA-CAC with an HQ as 1/ξS
decreases. Hence, when 1/ξS is relatively very low, it does not
need to carefully determine the queue size if NCBP is the only
main factor for mobile hotspots.
Fig. 14 shows HCDP as a function of 1/ξS . In Fig. 14, it can
be found that HCDP of the CP scheme drastically decreases
as 1/ξS decreases, whereas both MA-CAC without an HQ
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TABLE I
EFFECTS OF S

HCDP versus 1/ξS (λN = 16).

Fig. 13. NCBP versus 1/ξS (λN = 16).

Fig. 14.

and the NP scheme are not apparently affected by 1/ξS . This
can be explained as follows. When the dwell time in the stop
phase is short (i.e., 1/ξS is short), fewer handoff calls are
generated. Since the CP scheme reserves a fixed number of
channels for handoff calls, the HCDP of the CP scheme is
drastically reduced as 1/ξS decreases due to fewer handoff
calls. On the contrary, MA-CAC without an HQ and the NP
scheme do not prepare any guard channels and fully utilize
C channels during the moving phase. Therefore, their HCDPs
are not severely affected by the reduction of 1/ξS . On the
other hand, it can be shown that MA-CAC with an HQ can
further reduce HCDP, particularly when the dwell time in the
stop phase is short. This is because the HQ can be used for
fewer handoff calls, similar to the reserved channels in the
CP scheme.

Analytical and simulation results demonstrate that MA-CAC
with an HQ can lower HCDP and NCBP while maintaining
high channel utilization. MA-CAC with an HQ does not require
any modifications to mobile nodes and complex functionalities.
Therefore, it can be easily implemented at the AP for QoSenabled mobile hotspots. In our future work, we will conduct
trace-driven simulations and extend MA-CAC with an HQ for
multiple service classes.

VI. C ONCLUSION
In this paper, we have proposed MA-CAC with an HQ in
mobile hotspots, which introduces novel CAC schemes depending on the mobility. That is, guard channels are dynamically
assigned only at the stop phase to prioritize handoff calls,
whereas no guard channels are used during the moving phase
to maximally utilize the WLAN capacity. The HQ is also
installed at an AP to further reduce dropped handoff calls.

A PPENDIX A
BALANCE E QUATIONS FOR THE N ONPRIORITY SCHEME
The balance equations for the NP scheme are as follows.
1) When i = 0 and j = 0, we have
NP
NP
((λN + λH ) + ξS ) πi,NP
j = (j + 1)μS πi, j+1 + ξM π1, j .

2) When i = 0 and 0 < j < C, we have
NP
((λN + λH ) + jμS + ξS ) πi,j
NP
NP
NP
= (λN + λH )πi,j−1
+ (j + 1)μS πi,j+1
+ ξM π1,j
.

3) When i = 0 and j = C, we have
NP
NP
(CμS + ξS )πi,NP
j = λH πi, j−1 + ξM π1, j .
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4) When i = 1 and j = 0, we have
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