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Abstract. With the increasing penetration of wireless communications systems, customers are expecting the same
level of service, reliability and performance from the wireless communication systems as the traditional wire-line net-
works. Due to the dynamic environment, such as the roaming of mobile subscribers, maintaining a high radio frequency
(RF) availahility is one of the most challenging aspects in wireless network management. To date, in wireless network
management, a call is dropped when the channel it uses goes down. In order to increase system end-to-end availability,
an RF channel recovery scheme is proposed in this paper. When an RF channel fails, the channel is replaced by another
working channel and the call continues. The methodsto replace failed RF channel s of ongoing callsand to handle channel
failures of handoff and new calls are investigated. Markov reward models are developed to compare system availability
and performance. Automated generation and solution of Markov reward models is facilitated by a version of stochastic
Petri nets that we call stochastic reward nets. The results show that the recovery scheme reduces the dropped calls and
the blocked calls significantly under both light and normal traffics.

1 INTRODUCTION

With the increasing popularity of wireless communi-
cations systems, customers are expecting the same level
of service, reliability and performance from the wireless
communications systems as the traditional wire-line net-
works. Due to the dynamic environment, such as the roam-
ing of mobile subscribers, maintaining a high radio fre-
guency (RF) availability is one of the most challenging as-
pectsin wireless networks. RF availability depends on nat-
ura environment, infrastructure, and subscriber handsets.
There are many research and development results[1, 2] in
each of the above areas. In this paper, our investigation
focuses on RF channel failure recovery in the infrastruc-
ture, more specifically, in remote base site. There are many
factors that cause RF failure, such as base repeater power
failure, base repeater RF amplifier failure, etc. The main
focus of this investigation is not on the causes of the RF
failure. Instead, it is on the recovery method in the radio
resource management of the base site, which maintainsthe
ongoing calls.

In wireless networks, an RF channel is assigned to a
call either during the call set-up process when a new call
isinitiated or during the handoff process when an ongoing

call subscriber roams into the cell. Different channel allo-
cation schemes have been studied [3, 4,5, 6, 7, 8]. A com-
mon assumption in these studies has been that the channel
in use never fails. However, in a practical environment,
wireless networks, like any other physical system, are sub-
ject to failures. With the increasing penetration of wireless
communications, adisruption in service could cause severe
consequencesin both economic and socia sense. Thuspro-
viding restoration subsequent to channel failures has be-
come an important issue in ensuring network integrity.

To obtain realistic performance measures for wireless
networks, one should consider changes in performance
due to failure related behavior. In performability analy-
sis[9, 10], simultaneous consideration is given to both per-
formance and reliability/availability measures. In this pa
per, an RF channel recovery scheme is proposed. When
an RF channel fails, automatic repeat request (ARQ) will
be first used for flow control. However, the ARQ schemes
will not work in this situation since the channel is not in
operation anymore. According to our recovery strategy, the
failed channel is replaced by another working channel and
the failed call continues. The methods to replace failed RF
channels of ongoing calls and to handle channdl failures of
handoff and new calls are investigated.
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With different new call arrival rates, the corresponding
handoff arrival rates vary accordingly. To capture this dy-
namic behavior, a fixed-point iteration scheme [11] is ap-
plied to determinethe handoff arrival rates. Basic modeling
paradigm that we useis that of Markov reward models. In
order to automatically generate and solve such models, we
use the framework of stochastic reward nets. Stochastic re-
ward net (SRN) models of RF channel allocation with and
without channel recovery are devel oped to compare system
availability and performance. SRN is an extension of Petri
net [12, 13]. It hasthe advantage of specifying areal-world
model in acompact and intuitive way. Since the early 90's,
SRN has been used as a powerful modeling tool in per-
formance, availability and reliability analysis in commu-
nications systems [14, 15, 16, 17, 18, 19]. In this paper,
we applied stochastic Petri net package (SPNP) [20, 13] to
calculate the numerical measures.

The paper is organized as follows. In Section 2, we
give a brief introduction to SRNs. In Section 3, system
specification is made for a generic single cell in awireless
network. In Section 4, a pure performance model for chan-
nel alocation is presented. In Section 5, we describe the
fixed-point iteration scheme. In Section 6, we describe the
channel recovery scheme in a progressive way. A simpli-
fied versionis presented first, followed by a comprehensive
one. In Section 7, we discuss how to express the numeri-
cal measures in terms of reward assignments in SRN. The
numerical results for the performance model, one recov-
ery scheme and one non-recovery method are compared in
Section 8. Finally, we make our conclusionsin Section 9.

2 INTRODUCTION TO STOCHASTIC RE-
WARD NET (SRN)

Stochastic reward net [21] is an extension of Petri net
(PN) [12, 13], which is a high level description language
for formally specifying complex systems. A PN is a bi-
partite directed graph with two types of nodes: places and
transitions. Each place may contain an arbitrary (natural)
number of tokens. For a graphical presentation, places are
depicted as circles, transitions are represented by bars and
tokens are represented by dots or integers in the places.
Each transition may have zero or more input arcs, coming
from its input places; and zero or more output arcs, going
toitsoutput places. A transitionisenabledif al of itsinput
places have at least as many tokens as required by the mul-
tiplicities of the corresponding input arcs. When enabled,
atransition can fire and will remove from each input place
and add to each output place the number of tokens corre-
sponding to the multiplicities of the input/output arcs. A
marking depictsthe state of a PN which is characterized by
the assignment of tokensin al the places. With respect to a
giveninitial marking, the reachability set is defined as the
set of al markings reachable through any possible firing
seguences of transitions, starting from the initial marking.

Generalized stochastic Petri nets (GSPNs) [12] extend
the PNs by assigning afiring time to each transition. Tran-
sitions with exponentially distributed firing times are called
timed transitionswhilethe transitionswith zero firing times
are caled immediate transitions. A marking in a GSPN
is called vanishing if at least one immediate transition is
enabled; otherwise it is called a tangible marking. For a
given GSPN, an extended reachability graph (ERG) isgen-
erated with the markings of the reachability set asthe nodes
and some stochastic information attached to the arcs, thus
connecting the markings to each other. Under the condi-
tion that only a finite number of transitions can fire in fi-
nite time with non-zero probability, it can be shown that a
given ERG can be reduced to a homogeneous continuous
time Markov chain (CTMC) [12]. GSPN also introduces
inhibitor arcs. Aninhibitor arc from aplaceto atransition
disablesthetransition if the place contains at least as many
tokens as the cardinality of the inhibitor arc. Graphically,
an inhibitor arc is represented by a line terminated with a
small circle.

In order to make more compact models of complex
systems, several extensions are made to GSPN, leading to
the SRN. One of the most important features of SRN is
its ability to alow extensive marking dependency. In an
SRN, each tangible marking can be assigned with one or
more reward rate(s). Parameters such as the firing rate
of the timed transitions, the multiplicities of input/output
arcs and the reward rate in a marking can be specified as
functions of the number of tokensin any placein the SRN.
Another important characteristic of SRN istheability to ex-
press complex enabling/disabling conditionsthrough guard
functions. This can greatly simplify the graphical repre-
sentations of complex systems. For an SRN, all the output
measures are expressed in terms of the expected values of
thereward rate functions. To get the performanceand relia-
bility/availability measures of a system, appropriate reward
rates are assigned to its SRN. As SRN is automatically
transformed into a Markov reward model (MRM) [21, 10],
steady state and/or transient analysis of the MRM produces
the required measures of the original SRN.

3 SYSTEM DESCRIPTION

In cellular networks, a given geographical area is di-
vided into a certain number of cells. In order to get the
mutual interference beneath atolerable threshold, each cell
isalocated afixed set of duplex channels which are differ-
ent from those assigned to the adjacent cells. When a new
call (NC) is attempted in a cell covered by a base station
(BS), the NC is connected if an idle channel is available
in the cell. Otherwise, the call is blocked. When a mobile
station (M S) travels across the cell boundaries, the channel
in the old serving cell is released, and an idle channel is
required in the target cell, which would be the new serving
cell. Thisprocessis caled handoff. If an idle channel ex-



Channel Allocation with Recovering Strategy in Wireless Networks

istsin thetarget cell, the handoff call (HC) continuesnearly
transparently to the user. Otherwise, the HC is dropped. In
this investigation, we focus on both radio channel alloca
tion, and radio channel failures. The RF system that we
areinvestigating consists of a base site controller and many
base stations.

The dropping of a handoff call (HC) is considered
more severe than the blocking of a new cal (NC). One
method [5, 22] to reduce the dropping probability of HCsis
to reserve afixed number of channels exclusively for HCs.
These exclusively reserved channels are referred as guard
channels. For example, if the total number of RF channels
is C and the number of the channels in the reserved chan-
nel pool is g, then the number of RF channels available for
new callsisC — g.

Thebasesite controller (BSC) handlesradio channel al-
location and many other functions. To date, the BSC only
handles RF channel allocation for new calls and handoff
cals, no RF channel failure of an ongoing call is recov-
ered by BSCs. Whenever an RF channel fails, the call (FC)
carried by the channel will be dropped. The RF channel
failure can be categorized into permanent failure vs. tran-
sient failure and single channel failure vs. multiple channel
failure. Permanent channel failure is caused by equipment
impairment. Transient channel failure is caused by tempo-
rary conditions such as fading, blockage and etc. In this
paper, only permanent single channel failures are consid-
ered. The modelsfor transient and multiple channel failure
and recovery are discussed in [23].

4 A PERFORMANCE MODEL FOR CHAN-
NEL ALLOCATION

Before proposing our channel recovery scheme, wefirst
present a pure performance model under the assumption
that the channelsin awireless network never fail. Figure 1
shows an SRN of a performance model for channel alloca
tion with guard channels.

g+1

Figure 1: SRN of a performance model for channel allocation.

In Figure 1, place C'P is the channel pool for the cell.
Initialy, there are C' idle channels which are accessible for

both the NCs and the HCs. Transitions ¢,, and tﬁl represent
the arrivals of NCs and HCs respectively. Transition i, is
enabled with at least one idle channel in place C'P. Other-
wise, itisblocked. Transitiont,, isdisabled if thereareless
than g + 1 channelsin place C P. Thisisrepresented by the
multiple input arc from place C'P to transition ¢,, and the
multiple output arc from transition ¢,, to place CP. The
resulting effect is that when transition ¢,, fires, only one to-
ken is moved from place C'P to place T'. The number of
tokensin placeT" isthe number of channels currently being
utilized in the cell. Transitions ¢, and t9 respectively rep-
resent the departure of a call, either due to the termination
of the call or due to the MS leaving the cell. The clear-
ing rate for a single cal is \;. The rate at which an MS
leavesthe cell is A7 . Notice that transitions t; and ¢ have
marking dependent firing rates. The actual firing rates for
transitions ¢4 and ¢ are kAq and kA§, respectively, where
k is the number of tokensin place T'. The marking depen-
dency is indicated by the # signs next to the transitions in
Figure 1.
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Figure2: CTMC for the SRN model in Figure 1.

Let T, denote the number of tokens in place T' and
consequently let m = {T,,,CP,} denote the marking of
the SRN in Figure 1. The continuous time Markov chain
(CTMC) for the SRN of the performancemodel isshownin
Figure 2, where \; = \,, + Al and A, = A\s+ \%. Withthe
underlying infinitesmal generator Q for the CTMC, nu-
merical solution methods can be applied to get the desired
different performance measures.

5 FIXED-POINT I TERATION

With different NC arrival rates, the corresponding HC
arrival rates vary accordingly. To capture this dynamic be-
havior, we apply a fixed-point iteration scheme [11] to de-
termine the HC arrival rates. The arrival rate A} of HCs
should be equal to the actual throughput of transition ¢¢,
denoted by Aj,. The value of Ay, can be calculated as
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follows,

S TN TN
JEQ
= Y HTDAm(Ano). (1)

JEQ

By iteration, Equation (1) turnsto be

AEE =D HTD A (AL,)- 2

JEQ

where Q) is the set of tangible markings of the SRN model,
#[T;] denotes the number of tokensin place T" in marking
(state) 7, and 7 is the steady-state probability vector of the
SRN model. Noticethat 7 isafunction of A}, , becausethe
firing rate of transition ¢! should be equal to A,. When
all the other parameters are fixed, an increase/decrease in
AL (A3,) impliesan increase/decreasein AST!. Therefore,
Ap, 1S @ monotone increasing/decreasing function of Aj,.
In[11], Equation (1) is defined as the fixed-point equation
and A7 istermed as the iteration variable. According to
Theorem 2in [11], afixed point will exist if :

e The iteration function is a weighted sum of state
probabilities and the weights are constants;

e The CTMCs underlying the SRNs are irreducible
with more than one state.
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Figure 3: Handoff arrival rate (\;) vs. the throughput for handoff
departure (Ao).-

It is easy to verify that the SRN model in Figure 1 sat-
isfies the above two conditions. Therefore, a fixed-point
exists for Equation (1). From Figure 3, we see that the
fixed point solution is unique in our case. The numerical
parameters for obtaining the figure are the same as those
presented in Section 8.

6 Two CHANNEL RECOVERY CASES

To increase RF channdl availability, a channel recov-
ery schemeis proposed in a progressive way. In Case |, to
make the recovery model easier to understand, we assume
that an idle channel never fails. In Case Il, we release this
assumption and present our recovery scheme in a compre-
hensive way. In our methods, a failed channel (FCh) is au-
tomatically switched by anidle channel, if oneisavailable.
Otherwise, the call with afailed channel is queued until an
idle channdl is available. Our methods are quite similar to
the Automatic Protection Switching (APS) scheme, which
iswidely used to enhance the network integrity inthe ATM
networks [24]. In APS systems, a failed network compo-
nent is switched to an identical spare component when the
protection switch detects a failure. Since the spectrum is
scarce, no spare channels are reserved exclusively for calls
with failed channels. However, calls with failed channels
are treated with the same priority as the HCs in the sense
that both of them can access any available channdl in the
reserved channel pool.

g+1

Figure4: SRN for Casel.

6.1 A SIMPLIFIED RECOVERY SCHEME: CASE |

Inthis case, weassumethat anidle channel isalwaysin
perfect condition for service. In other words, achannel can
only fail whenitisinservice. A call failswhen the channel
it holds fails. We will release this assumption in Case Il,
the comprehensive recovery scheme.

In Figure 4, we show an SRN model for this scheme.
Compared with the pure performance model in Figure 1,
two places (B and R), two timed transitions (¢ and ¢,)
and one immediate transition (¢;) are added in Figure 4.
Transition ¢; represents the failure of a channel whileit is
inuse. Thefailure rate for asingle channel is Ay. When a
channel fails, the FC is switched to an idle channel if oneis
available. In this case, the FC is restored to service imme-
diately. When the channel pool is empty, the FC is queued
in the buffer B. Assoon asanidle channel is available, an
FC isrestored instantly. The queued FCs are served by the
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first-in/first-out (FIFO) policy. The above processis repre-
sented by the immediate transition ¢; in Figure 4. In order
to fire transition ¢;, at least one token is required in both
places C'P (an idle channel) and B (an FC). In the mean
time, the FChs are being recovered in place R under the
FIFO policy with a single recovery facility. Thisis repre-
sented by transition ¢, and the recovery rateis y,..

Figure 5: ERG for the SRN model in Figure 4.

Let T}, denotethe number of tokensin place T" and con-
sequently let m = {T,,, B, R, C P, } denotethe marking
of the SRN in Figure 4. Then Figure 5 shows the ERG ob-
tained from the initial marking shown in Figure 4, where
C = 3 and g = 1. Vanishing markings are represented
by rectangles and ovals are used to represent the tangible
markings. The corresponding CTMC is shown in Figure 6.
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Figure 6: CTMC for the SRN in Figure 4.

Figures5 and 6 show the potentia problemswe might
encounter when the number of channels in place CP is
large. In a practical environment, generally more than 20
channels are assigned to a BS. This would make the man-
ual generation of the ERG and the associated CTMC very
cumbersome, if not impossible. Thus a tool for automat-
ically generating the ERG and solving the corresponding
CTMC is needed. In this paper, we use the software pack-
age SPNP[20, 13] to specify and solve the SRN models.

6.2 A COMPREHENSIVE RECOVERY SCHEME: CASE
I

In this case, we release the assumption that an idle
channel never fails. We will consider the failure scenario
for anidle channel. The comprehensiverecovery algorithm
(Figure 7) is composed of three major steps:

1. NC Reg.: When a new call set-up process starts, a
NC channel request is initiated for an RF channel
from the available channel pool.

e If there are more than ¢ RF channels avail-
able in the pool, then an RF channel is ob-
tained. Furthermore, if the RF channel is in
working condition, then the call is set-up, and
the number of available channels is decreased
by 1. Otherwise, if the RF channel is bad, then
anew RF channel request is issued and at the
same time an RF channel repair request isis-
sued. The new RF channel request may be put
into the NC channel request queue if there is
morethan one NC RF channel request pending.

e For aninitial NC request, if there are less than
g+1idle RF channels, the call will be blocked.

2. FC/HC Req.: When an RF channel of an ongoing
call fails or when a handoff request is initiated, an
idle RF channel request is initiated from the channel
pool.

e If an RF channel is available, the RF channel
is obtained. Furthermore, if the RF channel is
in working condition, the number of available
channelsin the channel pool is decreased by 1,
and the call continues as normal. Otherwise,
if the RF channel is bad, a new RF channel
request is issued and at the same time an RF
channel repair request is issued. The channel
request may be put into the FC/HC channel re-
quest queueif thereis no channel availableim-
mediately.

e For an initial FC/HC channel request, if there
is no available RF channel, the call is dropped.

3. RF Channel Repair Update: Whenever an “RF chan-
nel repair completed” message is received, the RF
channel alocation process increases the total num-
ber of available channelsin the channel pool by 1.

An SRN model for the comprehensive recovery algo-
rithm is developed as shown in Figure 8. On the right hand
side of Figure 8, at place T}, aNC has aready obtained an
idle channel, which is about to be tested for itsworking sta-
tus. After testing, which is denoted by transition ¢!, there
are two possihilities.

1. With probability ¢; and the immediate transition ¢,
the channel obtained isin working condition, and the
NCisset-upinplaceT.
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NC FC HC RF channel
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RF channel
Repair Process

HC/FC continues
Reduce number of
Available channels

Figure 7: Flow chart for the RF channel allocation process.

2. With probability co = 1 — ¢; and the immediate
transition tg, the channel obtained isin non-working
condition, and the bad channel is deposited into the
channel repair pool R. The NC is deposited into the
waiting queue B,,. If therearemorethan g idle chan-
nels in the channel pool, no waiting is needed for
theNC. Theimmediatetransition ¢, isfiredinstantly.
Again theidle channel istested in place . If there
arelessthan g + 1 channelsin the channel pool, the
NC needsto wait in the queue B,,.

Place T? acts as a temporary place. A token (repre-
senting a call/channel) coming into this place will go to
either place T or places R and B,, immediately. On the
left hand side of Figure 8, at place T}, ;, an HC/FC has al-
ready grabbed an idle channel. Transitions ¢ ;o ts and ¢
have similar functions as their counterparts ¢, t¢ and ts,
respectively. If theidle channel obtained isin non-working
condition, the HC/FC staysin place B beforeit fetches an-
other idle channel through transition ¢5. Another difference
between Cases | and Il is that an FC is dropped immedi-

ately (through the immediate transition ¢3) if there is no
idle channel in the channel pool. Thisis represented by the
inhibitor arc from place C' P to the immediate transition ¢3.
In this way, an FC is modeled with the same priority as
the HC. Like place T}, places T}, and F' are temporary
places. All the other places and transitionsin Figure 8 have
the sameinterpretation asin Figure 4.

6.3 A SIMPLIFIED SRN MODEL FOR CASE ||

To reduce the number of statesin the CTMC associated
with the SRN in Figure 8, we simplify the SRN by remov-
ing the timed transitions ¢, , and ¢, and the corresponding
places T}, and T,. Thisis based on the fact that the RF
channel checking timeis very short. The ssimplified model
isshownin Figure 9.
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g+1

Figure9: A simplified model of Figure 8.

6.4 AN SRN MODEL FOR RF CHANNEL ALLOCA-
TION WITHOUT RECOVERY

For comparison purposes, an SRN model of RF chan-
nel alocation without recovery is developed and shown in
Figure 10. The notations of places and transitions are re-
spectively the same as those in Figure 9.

In the non-recovery method, once a channel carrying a
call fails, no recovery is attempted. Thus place F' and the
related immediate transitions ¢; and ¢3 as appeared in Fig-
ure 9 are not depicted in Figure 10. Furthermore, in the
non-recovery scheme, if the idle channel that an NC/HC
grabs is not functional, there is no retry. Consequently,
places B and B,,, and the related immediate transitions ¢
and ¢, asdepicted in Figure 9 are removed in Figure 10.

Figure 10: An SRN model for RF channel alocation without re-
covery.

7 MEASURES OF INTEREST

1. Call Dropping Probability: We denote the drop-
ping probabilities for the recovery method and non-
recovery methods as P;, and P,,, respectively. To
calculate Py,., the reward rate assignment is:

_ | 1 if[#(CP)] =0,
Tar = { 0 otherwise]. )

Here 7, is the reward rate for state j in the CTMC
of SRN, and #(C P;) represents the number of chan-
nelsin place CP in marking (state) j. Thus areward
rate of 1 is assigned to the states where the channel
pool is empty, and a reward rate of O is assigned to
the other states. Then Py, is calculated by

Pd" = Z rgrﬂ-ﬁ
jeQ
where Q is the set of al tangible markings and = ;
is the steady-state probability of marking j. To cal-
culate different measures of the system, we need to
have different assignments of the reward rates.

The dropping probability for the non-recovery

method (P,,,) is calculated through the following ex-
pression:

Pan = Pgy + Py 4)

Thefirst term of (4) isthe probability that the channel
pool is empty. Thereward ratesfor P2, are the same
asin (3). Thefollowing formulais used to calculate
Pyy,

Ppy = A—tfPR’ 5)
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where A is the dropping incoming rate for place
R. It is contributed by the following two factors:

(@ A handoff call obtains a non-working idle
channel, so it is dropped;

(b) Thecal isdropped whileit isin talking status
because the channel it holdsfails.

In summary, Ay is calculated through Ay = ¢ -
A} + Ay, where Aj and A; are the throughputs of
transitions ¢, and ¢z, respectively. The denominator
A; in (5) is the total incoming rate for place R. It is
caculatedthrough A; = co- Al +c2- Ay + Ay, Where
A, isthethroughput of transitiont,,. In(5), Pg isthe
sum of weighted state occupancy probabilities when
the number of channelsin place R is non-zero. The
reward rate assignment for Pg is

{ #(R;) if [#(R;)] >0,

0 otherwise.

v =

2. Call Blocking Probability: We denote the block-
ing probabilities for the recovery and non-recovery
methods as P, and P, respectively. To calculate
Py, a reward rate of 1 should be assigned to the
states where the channel pool has less than g + 1
channels, that is

_ 1 if[#(CP)] <y,
T, = { 0 otherwisej. ©6)

The blocking probability for the non-recovery
method (P,,,) is calculated through the following ex-
pression:

an:Pfh+Pb- (7)

Thefirst term of (7) isthe probability that the channel
pool haslessthan g + 1 channels. It hasthe samere-
wardrateasin (6). Thesecondterm (P;) in (7) repre-
sents the fact that a new call grabs a non-functioning
channel and is blocked consequently. To calculate
Py, we use the following formula:

CQ'An

P==5

Pg.

3. Call Waiting Time: After the initial access is
granted, due to the channel failures, a NC or an on-
going call may need to stay in the queue B,, or B
before it is assigned a working channel. We denote
the expected waiting time for a NC in B,, as W,.
The expected waiting time in B for an ongoing call
is represented by 1W,,. We assume that the probabil-
ity of grabbing two faulty channels consecutively is
zero. In other words, for a call waiting in the queue
B,, or B, onceit obtainsachannel, it is assumed that
the channel isin working status. Inthefollowing, we

apply Little'sformula[13] to calculate the values for

W, and W,
_ E#B)]
BT v
W, - BL#(B)]

- (Al + (1= PP)-Ay)’

where E[#(B,)], E[#(B)] represents the average
number of tokensin place B,, or B, respectively; A,
Ay and A, are the throughput of transitions i, ¢,
and t,,, respectively; P? is used to denote the proba-
bility that the immediate transition ¢3 is enabled.

8 NUMERICAL RESULTS

Under the condition that all the neighboring cells are
statistically identical and behave independently, the char-
acteristics of the overall system can be captured by focus-
ing on asingle cell. In our system, all the cells are treated
equivalently so that we can concentrate our attention on the
performability aspects of the channel recovery schemes.
By varying the traffic parameters, the presented schemes
can also be applied to the cases where cells are located at
the border of the covered area.

The grade of service (GOS) [25] is a measure of con-
gestion, whichisgenerally given asthe probability of acall
being blocked (for Erlang B) or as the probability of a call
experiencing a delay greater than a certain queueing time
(for Erlang C). Based on the blocking probabilities, we de-
fine the following:

e Light traffic: GOS < 0.3%,
e Normal traffic: 0.3% < GOS < 2%,
e Heavy traffic: 2% < GOS.

For the purpose of discussion, we assume that a set of
C = 26 channels are assigned to each cell. The average
travel time to cross from one cell to another (1/7) is six
minutes. The expected call holdingtime (1/A4) is1.2 min-
utes. The mean time between failure (1/A¢) for each chan-
nel is 80, 000 hours. The expected repair time (1/ ) is 30
minutes. The failure probability (¢2) for an idle channel is
approximated by Ay /(A + pr).

Now, we consider the problem of finding the optimal
number (g) for guard channels such that a linear objective
function of dropping and blocking probabilities is mini-
mized. By using the guard channel policy, the dropping
probability can be significantly reduced. However, reserv-
ing guard channels exclusively for HC/FC could result in
blocking probability increase. To find a balance between
these two GoS measures, we use the following function
to consider the composite effect of dropping and blocking
probabilities:

Pya(g) = Pi(g) +w - Pu(g). (8)
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Equation (8) is aweighted function of dropping and block-
ing probabilities, where w > 1, because we would like to
give HC/FC a higher priority than NC. Our goal is to find
a value of g such that Py, is minimized. Numerical ex-
periments are conducted to obtain the optimal value for g.
According to the results shown in Figure 11, we choose to
use g = 1 to obtain the numerical resultsin this section.
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Figure 11: Number of guard channels (g) vs. (B.4) when w = 2.

Table 1 shows the state space for the SRN models pre-
sented in this paper. From Figures 12, 13, 15, 16, 18
and 19, we notice that the numerical results for the re-
covery model and the performance model are nearly the
same. Therefore, we conclude that the recovery method
can nearly eliminate the dropped/blocked calls caused by
channel impairment. In the following, we compare the
performance results between the recovery and the non-
recovery methods under different traffic loads.

Table 1: State space for the SRN modelswithC' = 26 and g = 1.

No. of No. of
Models Tangible | Nonzero
Markings | Transitions
Performance Model 27 52
Comprehensive 655,200 | 4,125,797
Recovery Model
Simplified Comprehensive 483 8337
Recovery Model
Non-Recovery Model 378 1755

e Light Traffic. When the traffic load ranges from
8.4 to 12 Erlangs (the corresponding NC arrival rate
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Figure 12: Dropping probabilities under light traffic loads.
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Figure 13: Blocking probabilities under light traffic loads.

(NAR) < 10 callg/min), the wireless network is un-
dergoing light traffic (Figures 12 and 13). With the
recovery method, the dropping probability is reduced
to nearly zero (< 2.758509 x 10~°). When the traf-
fic load isless than 10.8 Erlangs, the blocking prob-
ability can be reduced to nearly zero (< 9.218801 x
10-%). When the traffic load equals to 12 Erlangs,
the blocking probability is reduced by 82.62%. The
main reason for the nearly zero dropping/ block-
ing probabilities is that each of handoff calls, RF
channel-failure calls, or new calls has multiple tries
to obtain a working RF channel in the channel re-
covery method. For the original channel allocation
algorithmwithout retries, any channel failure or tem-
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porary empty channel pool may cause dropped calls
and/or blocked calls. Figure 14 shows the expected
waiting times for the new calls and ongoing calls if
their first tries are faulty channels. Under light traf-
fic, W,, < 2.2 ms and W, < 0.9 ms. These wait-
ing timewould be negligiblefromthe end-users’ per-
Spective.
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Figure 14: The expected cal waiting times for the recovery

method under light traffic loads.
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Figure 16: Blocking probabilities under normal traffic loads.

0.06

o
o
a

o

©
o
N
T
N
\

o
I

son is that each of the handoff calls or RF channel-
failure cals has multiple tries to obtain a working
channel in the recovery scheme. However, there is
no second chance for the corresponding ones in the
original non-recovery allocation method. Figure 17
shows the expected call waiting time under normal
traffic, where the maximum channel recovery timeis
lessthan 60 ms for new callsand lessthan 35 ms for
ongoing cals. These waiting times would be trans-
parent for the end-subscribers.
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Figure 15: Dropping probabilities under normal traffic loads.

e Normal Traffic: When the traffic load is between
13.2 to 16.8 Erlangs (the corresponding NAR < 14
calls/min), the traffic load is normal. Figures 15 and
16 show the dropping/blocking probabilities under
normal traffic loads. The recovery method reduces
the dropping and blocking probabilitiesat an average
of 55.58% and 34.56%, respectively. The main rea-
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Figure17: The expected call waiting times for the recovery

method under normal traffic loads.

e Heavy Traffic. When the traffic load is between

18 to 21.6 Erlangs (the corresponding NAR < 18
calls/min), the system is undergoing heavy traffic
(Figures 18 and 19). The recovery method re-
duces the dropping and blocking probabilities at an
average of 13.05% and 6.28%, respectively. We
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need to notice that as the traffic load increases,
the chance of temporary empty channel pool in-
creases accordingly. The dominant reason causing
the blocked/dropped calls is how the heavy traffic,
rather than the channel impairment. Therefore, under
heavy traffic loads, the improvement of the channel
recovery method can be limited. In complementary
with the light and normal traffic, the expected call
waiting times are shown in Figure 20. Although the
waiting times are still tolerable, increasing the total
number of RF channels should definitely be recom-
mended to operating companies for larger revenue,
more profit, and better customer satisfaction.
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Figure 18: Dropping probabilities under heavy traffic loads.
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Figure 19: Blocking probabilities under heavy traffic loads.
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Figure 20: The expected call waiting times for the recovery
method under heavy traffic loads.

9 CONCLUSION

In this paper, the SRN model for RF channel recovery
is developed in a progressive way. First, a simple case is
modeled under the assumption that an idle channel will not
fail. Then, a comprehensive recovery model is presented
by taking theidle channel failure scenario into account. To
reduce the underlying state space for this comprehensive
model, we simplified the model by combining/removing
some transitions and places. For comparison purposes, an
SRN model is also developed for the channel alocation
method without recovery. To reflect the traffic pattern in
aredlistic way, afixed-point iteration schemeis applied to
capture the dynamic behavior of the handoff arrivals. The
software package SPNP [20, 13] is applied to obtain the
numerical results presented in this paper.

The results show that the comprehensive recovery
scheme reduces the dropped calls and the blocked calls
significantly under both light and normal traffics. Since
the numerical results for the recovery model and the pure
performance model are nearly the same, we conclude that
therecovery model can eliminate the dropped/blocked calls
caused by channel impairments. Under heavy traffic, al-
though the recovery method can still reduce the dropping
and blocking probabilitieswith limited percentage, increas-
ing the total number of RF channels should be definitely
recommended to the operating companies for better cus-
tomer satisfaction. Because under heavy traffic, it istraffic
rather than channel impairments that is the main contrib-
utor for the dropped/blocked calls. This paper addresses
only permanent single channel failure and recovery. The
models for transient and multiple channel failure and re-
covery arediscussed in [23].
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