IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY 1

Combined Guard Channel and Mobile Assisted
Handoff for Cellular Networks

B.B. Madan,Member, IEEE S Dharmarajasenior Member, IEEEand K.S. Trivedi, Fellow, IEEE

Abstract—For cellular communication systems, mobility and possible that the currently serving BSS may no longer be
limited radio coverage of a cell require calls to be handed over gple to provide reasonable quality of service as compared
from one base station system (BSS) to an another BSS. Due {0y, gome other BSS. Rather than dropping the service to this
the limited bandwidth available in various cells, there is a finite MT. th tl ina MSC decide to hand thi
probability that an ongoing call while being handed off may ' e currently serving maY ecide to .an over this
get dropped. Minimizing the dropping of ongoing calls during Service to some other better serving BSS or in some cases
handoff is an important design criterion. Some digital cellular to another MSC. Several different handoff techniques have
systems,e.g., the GSM and the 1S-136 use the mobile assisted peen proposed and implemented. A detailed survey of different
hand off (MAHO) in which a mobile terminal (MT) assists its  3ndoff techniques deployed in various cellular networks can
BSS and mobile switching center (MSC) in making handoff be f d in I11. 121. The simplest handoff sch is th
decisions. MAHO requires an MT to regularly report back to | e Ol_m in [1], [_]' e _S'mP est handoi s¢ _eme IS the Qne
its serving BSS, its current radio-link state (defined in terms of iN Which the mobile terminal is solely responsible for making
the received signal strength indicator (RSSI) and the bit error handoff decisions. When the received signal quality drops
rate (BER)) of transmissions received from the neighboring BSSs. pelow an acceptable threshold, the MT may decide to choose
Some researchers have suggested that a base station needs to 9Vgnother base station i.e.. the handoff decision is made by the

priority to the handoff calls over the new calls. This requires each . .
cell to reserve a number of guard channels (GCs) to be used MT, as in the WACS [3], the DECT wireless systems  [4]

exclusively for processing the handoff calls. Since MAHO makes and the Mobile IP Networks [5]. Alternatively, the network
handoff decisions based solely on RSSI/BER measurements, therecan be assigned the sole responsibility of making handoff
is a finite probability that some handoff calls may get dropped decisions, as in the integrated cellular wireless networks [6]
due to the non-availability of free channels in the neighboring cell and the first generation analog cellular networks. It makes
Fhat is being handed off th.e cg!l. Conversely, if a handoff decision logical sense to combine these two aporoaches so .that handoff
is based solely on the availability of a free channel without regard 9 e - Pp )
to the signal quality, it may also result in some of the handed off decisions can be made jointly by the network and the mobile
calls being dropped due to poor signal quality. In this paper, we terminals. This approach, called the mobile assisted hand off
gfgposié} new rlnangoff teChle(;le b%/] C_Omblnrl]ngl\;qe MAHObanCli( (MAHO), is currently being used in the second and third
techniques. In the proposed technique, the reports bac ; . _
not only the RSSI and the BER, but also the number of free ?Serlegrgtg:’vﬂlagsltaé Cegul?r tr;]ewl\\l/lo'glr_'s(’)e'gh’ GSM [;.]l’ IS ?4 aEd
channels available for the handoff traffic. This will ensure that ) . [8], [9]. In ? . - _SC eme' while networ .
a handed off call has acceptab|e signa| qua“ty as well as a free makes the final handoff deC|S|OnS, it is assisted by the mobile
available channel. The performance of this handoff technique terminal in the handoff process. This assistance takes the form
is analyzed using an analytical model whose solution gives the of serving BSS asking the MTs to periodically report their
desgreglpferformance measures in terms of blocking and dropping received signal quality (in terms of the RSSI and the BER
probabilities. values) from the surrounding base stations. In contrast to the
Index Te_rms—CeIIuIar communications, Wireless, Handoff, hard handoff used in the previ0u3|y cited handoff schemes,
Markov chains the CDMA digital cellular networks based on the 1S-95 stan-
dard [10], WCDMA [11] and UMTS all use soft handoff. Soft
I. INTRODUCTION handoff implies that an MT is able to ‘talk’ to more than one
) ) _BSS simultaneously. This is technologically possible for the
H ANDOFF is an important aspect of cellular and mobilgppa based multiple access, since an MT can tune to more
communication. J’yplcally, an ”MT has a radio link t©ohan one chip code simultaneously. However, soft handoff
a BSS that provides “best service” to the mobile terminajg not technically convenient for the TDMA based GSM or
currently located within a cell. A cell's BSS provides a radigyaps. Possibility of handing off calls from one cellular
link to each mobile terminal active in this cell. One or MOr€achnology, e.g., DAMPS 1S-54 to another, e.g., 1S-95 CDMA
BSSs are in turn, under the control of an MSC. Besidggs also been considered by the TIA/EIA standards committee
other functions, an MSC has the primary responsibility ofnq has been documented in their 1S-41 standard [12]. The
managing mobility. If and when an MT moves, it is quitewer mobile IP based standards like the IEEE 802.16e [13]

. . , allows both, MT and the network to initiate and make handoff
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. . . . Ap+tady Ap+ady Antady ar
call. Otherwise the handed off call will run the risk of being @ @ja* +
dropped. Dropping an ongoing connection is highly undesir- . D n o P
able. For voice calls, it not only causes annoyance to theus ey - - (- @-a) (-
users, dropped calls also imply increased wireless bandwidthi:& , o 0 0 I I 1

consumption, since a dropped call has to be re-established,
leading to unavoidable consumption of time and bandwidthi9- 1. Markov reward model
Implications of dropping a data call may have even more

serious consequences. As an example, assume that a user hab bilit d i diti ted
an MT attached to a laptop computer for setting up an FpODAabIties under various operating conditions are presente

connection with a server. If such a data call is dropped mig Section IV. Finally, Section V provides some concluding

way while carrying out a large file transfer, all the previousl emarks.
transferred file data may get lost, resulting in loss of time and
bandwidth. With 2.5G and 3G wireless services laying greater |l EFFECT OF SIGNAL QUALITY ON HANDOFF
emphasis on data services like GPRS [15], it has become eveilo motivate the discussion for the new handoff scheme, it
more pertinent to minimize any loss in performance due teill be instructive to first analyze the effects of poor signal
dropped handoff calls. Lin et al. [14] suggested techniquesiality on the guard channel based handoff scheme discussed
for minimizing the call dropping probability due to non-in [14], [20] and analyzed in [16]. The analysis in [16]
availability of a channel. One such technique is to reserve opeesumes that a handed off call always has an acceptable
or more channels (called the guard channels) for handoff caggnal quality. In real practice, however, there may be a small
Guard channels based reservation scheme has been analpzeblability that such calls do not have adequate signal quality.
in [1], [16], [17], [18] in terms of dropping probabilities (for In such situations, a channel will be allocated to a handoff call,
handoff calls) and blocking probabilities (for new calls) usingut such a call can not be sustained by the new BSS due to
continuous time Markov chain (CTMC) models. The GSMoor signal quality. Letx (&« = 1 — «) be the probability that
technology, on the other hand, uses MAHO handoff in whidhe system is processing a good (bad) signal quality handoff
the MSC makes handoff decisions solely on a single criteri@all. The assertion that = 1 is not true because all BSS are
of RSSI measurements reported by an MT. However, both thet going to provide same signal quality. Those closer to the
guard channel approach as well as the MAHO scheme dsliT may be having higher received signal strength indicator
individually result in unnecessary loss of handoff calls. FGRSSI) versus those BSSs that are further away from this
example, in the MAHO scheme, it is possible that the servidT. In fact, the standard MAHO makes decision only on the
BSS may end up handing off a call to another base station thaisis of RSSI. It means that for a given BSS, some of the
has good signal quality, but there are no free channels availabéndoffs for which it may be a good candidate (on the basis
in the new base station to accept this handoff call. Similarlgf channel availability), it may not have higher RSSI. A poor
when using the guard channel approach, since the siggahlity handoff call may either be dropped immediately or, it
strength is not taken into consideration while making handafiay be re-handed off to yet another BSS. The first technique
decisions, there is a finite probability that the serving base labeled as the “G+Drop” scheme, while the second one
station may hand over call to a new base station that has paoreferred to as the “G+ReHO” scheme. Subsequently, we
signal quality. More recently, Kim et al. [19] suggest usinglso introduce the third scheme, called the “M+G”, which is
multiple criteria, e.g., such as pilot signal strength (PSS), tipeoposed in this paper and is based on the handoff technique
distance between the mobile and the base station, the moviiigained by combining the MAHO and the guard channel
direction, and the previous location may be used to make fuzachniques. The proposed technique and a possible protocol
handoff decisions. To address limitations of single critericfor its implementation is described in the next section.
handoff schemes, such as MAHO and guard channel, in thisor the “G+Drop” scheme, the dropping and blocking
paper, we combine the MAHO and the guard channel basgababilities may be computed by using the Markov reward
approaches and propose a new multi-criteria handoff techniquedel shown in Fig. 1. In this model, statg= 0,1, ...,¢)
referred to as “M+G” scheme. The proposed technique denotes the number of ongoing calls in a cell. The inter-arrival
analyzed along the lines in [16] by using a CTMC modetime between successive new calls is assumed to be a random
The resulting analysis shows that the proposed technique kasable with distributionEX P(),,), where \,, denotes the
better performance since it results in smaller call droppirggrival rate for new calls. The inter-arrival time for the handoff
probability. calls is also assumed to be exponentially distributed with the
The remainder of the paper is organized as follows: Sectiparameter);. Since any poor signal quality handoff call is
Il highlights the need to combine signal quality informatiomimmediately dropped, the effective incoming call traffic rate is
with the free channel availability information for processing), +a\;). Calls under progress in a cell are either completed
the handoff calls. This is followed by the description of ther handed off to another cell. The call completion time is
CTMC model for the proposed handoff scheme obtained lagsumed to be exponentially distributed with the parameter
combining MAHO and the guard channel approaches. Sectipn. The time interval for which a received call stays in a cell
Il describes two different protocols that may be used toefore being handed off is also exponentially distributed with
implement the proposed handoff scheme “M+G”. Numericahte parametey.,. Therefore, the effective call service rate
and comparative results for the call dropping and call blocking given by {11 + u2). For computing dropping and blocking
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is given by

P, = Z T 3

j=c—g

It will be shown in the sequel, that for the “G+Drop”
case, the dropping probability increases monotonicallyras
increases. In contrast, the performance with respect to the
blocking probability marginally improves asincreases. This
counter intuitive behavior can be explained by the fact that,
as the poor signal quality handoff traffic increases, such calls
are immediately dropped. Dropping such calls free up channels
that may be used for the new incoming calls, thereby reducing
new call blocking probability. Numerical results in Section IV
will substantiate these observations.

The second scheme is labeled “G+ReHo”, which reflects the
fact it uses guard channels in conjunction with the re-handing
of poor quality handoff calls to some other better serving
BSS. To carry out the performance analysis of this scheme,
we first need to derive a CTMC model that incorporates
poor signal quality handoff calls as well. Fig. 2 shows the
Fig. 2. Markov chain model modified CTMC model which takes into account the fact that

a handoff call has poor signal quality with non-zero probability

a = (1 — «). Note that Fig. 2 captures the situation wherein,

a poor signal quality handoff is not immediately dropped as

in the “G+Drop” case. Instead, such a call can be re-handed
probabilities, we utilize a reward model which assigns a rewaodf to some other BSS. The third scheme, called the “M+G”
rate to each state. Given that there are a totat ohannels scheme, is a further improvement over the “G+ReHo” scheme.
available in a cell, for computing the dropping probabilityThe “M+G” scheme utilizes MAHO in addition to the guard
states @, 1,...,c — 1) are assigned a reward rate @f— «). channels. In this scheme, even if a channel is available at a
This follows from the fact that in each of these states, theredandidate BSS, a poor signal quality call is not handed over to
a (1 — «) probability of receiving a poor quality channel forit. Similarly, a good signal quality call is also not handed over
a handoff call which is immediately dropped. The right most a BSS with no available channels. Thus, “M+G” scheme
statec is assigned a reward rate df since all handoff traffic ensures that a handoff call is handed over to a BSS that
is dropped in this state. The dropping probability is now giveis able to offer both good signal quality as well as an idle
by the steady state expected reward rate which can be writtgrannel, thereby resulting in — 1. From the point of view

as . of modeling the “M+G” scheme, it turns out to be a limiting
_ B 3 . case of the previous two models shown in Fig. 1 and Fig. 2,
Fa=me+(l-o) ;Wﬂ @ with o — 1.
_ ) = . Each state of the CTMC in Fig. 2 is labeled as a tuple
where, 7;, j = 0,1,...,c is the steady state probability of; ;) \herei denotes the number of ‘poor’ handoff calls being

finding the system in statg. These state probabilities aregndled and denotes the number of ‘good’ ongoing calls in
obtained by solving the balance equations for Fig. 1, whighjs state. It is further assumed that there aré< ¢) guard

is essentially a birth-death process. Such processes have Refihnels set aside for the handoff calls. As in the previous
extensively studied in the literature and we can use the solutigiyqe| the CTMC model shown in Fig. 2 assumes that the

derived in [21] inter-arrival time distribution isEX P(),,) for the new calls
p_;" j<ec—g andEX P(),) for the handoff calls. Calls entering a cell either
Tj = T { gafg im(c—g) - — (2) leave the system when completed or handed off to a different
i Ph v Jze—yg cell. The call completion time as well as the handoff time are

both assumed to be random haviag P(u1) and EX P(us2)
distribution, respectively. This implies that the total time spent
1 by a call in a cell is also random havidgX P(u) distribution,
Z;;gfl % + ijc_g P;f!g {L—(C—s?) andp = f1 + po. In this.model, sincex fraction of handoff
calls received by a particular cell are assumed to have poor
signal quality, the receiving cell of such calls in turn needs
For computing the blocking probability, stateés—g,...,c¢) to quickly re-handoff these calls to some other cell. The time
will block any new incoming call sincg channels are reservedspent by a poor quality handoff call in a cell is also assumed to
for handoff only. Consequently, these states are assignetheaexponentially distributed with rate paramater Generally,
reward rate ofl. Using (2), new call blocking probability’, u3 >> us, to reflect the fact that a good quality call is likely

where,ju = 1 + 2, p = 22E22% and p, = 232 and,

Ty =
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« - . used to solve the CTMC shown in Fig. 2 to obtai);’s along
with P; and P,. These results are discussed subsequently in
Section V.
New & HO calls The goal of a good handoff scheme is to make the dropping
and blocking probabilities as small as possible. The proposed
g lBad calls Blocked calls handoff scheme M + G” achieves this goal by ensuring that
any handoff call is sent to a cell that can provide a free channel
Dropped calls as well as good signal quality which ensukes— 1. In the
next section, we describe two possible handoff protocols for
the proposed handoff scheme that may be used to achieve this
g goal.
Fig. 3. Dropping and blocking states [1l. GUARD CHANNELS AND MOBILE ASSISTEDHANDOFF

ProTOCOL

] ] . In the previous section, we analyzed a multi-criteria handoff
to stay in a cell longer as compared to a poor signal qualiféchnigue in which an MSC makes handoff decisions based
call, which should be made to leave the cell quickly. o (o parametersyiz., RSSI and channel availability. This

We obtain a closed form solution for the state probabilitiegyction, describes two possible ways to implement this multi-
of the CTMC in Fig. 2. Foi0 < i,j < ¢,0 <i+j < ¢, the criteria handoff scheme. This handoff scheme assumes that the
state probabilities are given by controlling MSC assisted by the MT, makes and implements

A\ the handoff decisions. The controlling MSC makes these
Tij = T0,0 <3) H ﬁ, (4) decisions based on (i) the downlink (BSS to MT) RSSI
H3/ 1o (k+1)p measurements are made by the MTs by measuring the signal

where strength of the forward control channel (FCCH) from different
M, 0<ith<c—g BSSs, (ii) Uplink (MT to BSS)_ channel information provided
{ ]\ ’ c—a< ik <ec by the BSSs to the MSC periodically or when ordered to do
> 9= so by the MSC, and (iii) channel availability at different base
The derivation of the state probabilities is given in Appendistations. The downlink RSSI measurements are made by an
The value ofry o can be computed using the normalizatioMT either periodically or on specific orders sent by its serving

Aik =

)

equation _ MSC. The channel availability in a cell can be evaluated in
XC: Cz_f ) two different ways.
T 4 —
=0 =0 ! 1) A BSS regularly broadcasts data about the number of

free channels available with it. A BSS may send this
information over its FCCH, (i.e., from the BSS to the

MTs). FCCH, being a broadcast channel, information
pertaining to the number of free channels currently
available in a particular cell thus gets communicated to
all the reachable MTs from a BSS. An MT also receives
instructions from its serving MSC about the identity of

the BSSs that are of interest to this MSC for eventually
performing a handoff. In response to these instructions,

After computing the steady state probabilities for various
states(i, j), we can compute the performance in terms of the
new call blocking probability?, and the handoff call dropping
probability P;. To compute these probabilities, we first need
to identify states in which a call may be blocked, dropped,
or both. Fig. 3 graphically shows such states. Set of states
identified by the thick line are the statég, c—i), 0 < i < ¢},
in which the system can support neither a handoff nor a new
call, since no free channels are available in these states. The an MT prepares its MAHO report consisting of RSSI
set of states forming the shaded region define the states in  jnformation and the channel availability information
which only the handoff calls can be supported. Since only the  4550ciated with the indicated BSSs. Alternately, a BSS
guard channels are available in the states forming the shaded ¢an yse the in band signaling using the slow associ-
region, any incoming new call will _be blocked in these states.  5ted control channel (SACCH) to communicate channel
ConsequentlyP; and P, can be written as availability information to a specific MT. Whether to use

c the FCCH or the SACCH is a matter of protocol details
Py = ) Mic (5) and is beyond the scope of this paper. Finally, when
i=0 instructed to do so, the MT sends its MAHO report to
9 & °. & the MSC. This report consists of the downlink RSSI
b= Z Z Tij 1 Z Zﬂm‘ (6) information plus the channel availability information
=0 j=c—g—i i=emg+1j=0 pertaining to BSSs that are potential candidates to take
where,; ; is the steady state probability of the CTMC being over the handoff. Note that since we have only modified
in state ¢,j) as given in (4).m; ;'s were obtained via the the structure and contents of the MAHO report and not
closed form solution as well as numerically. The two sets of the MAHO protocol, this scheme will work for intra-
results were nearly identical. SHARPE software package was BSS, inter-BSS or inter-MSC handoffs.
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2) Each BSS keeps its MSC informed of its channel statusither by Fig. 1 or by Fig. 2, depending on whether the
i.e., how many channels are being used by the numbpoor’ quality handoff calls are dropped or are re-handed off,
of new calls, handoff calls and the number of free guamspectively. In the numerical computations, call completion
channels over some infrastructure network. Typicallyate ;i is taken to be 0.5 calls/min and,, denoting the rate
there is an infrastructure network that interconnect BS&s$ which ongoing calls are handed off to some other BSS is
and MSCs and is used by BSS to report its channatsumed to be 0.5 calls/min. This giyes= 1.0. When a BSS
availability information. In the context of a handoff, thereceives a poor signal quality handoff call, such a call needs
uplink RSSI and channel availability information is proto be either dropped immediately or re-handed off quickly
vided by the BSSs to MSCs using such an infrastructute some other BSS. For the latter cagg, denotes the rate
network. MSCs themselves are networked together owatr which poor signal quality calls are re-handed off and is
this infrastructure network and may communicate witassumed to be 2.0 calls/min. The arrival rate of new cslls
each other using SS7 or some other similar protocds varied from 10 to 80 calls/min. Since = 1.0, A\, also
When a handoff involves more than one MSC, the MSQsgpresents the new call traffic load in Erlangs. The only other
exchange channel availability data sets in addition to themaining parameter is the handoff arrival ratewhich needs
RSSI sets. to be computed from the respective fixed point equations as

In both these cases, a BSS informs its MSC about the nestggested in [16]. Consider now the different ways to handle

to handoff an MT to some other BSS. In the first case, tfehandoff as discussed at the beginning of this section:
serving BSS forwards the RSSI and channel availability dat@+Drop” - In this case, since a handoff call with poor signal
compiled by the MT to the MSC. Based on this informatiorguality is immediately dropped by the receiving BSS, we can
the MSC selects an appropriate BSS that should take o@@mputeP; and P, using the Markov reward model shown
the handoff call. In the second scheme, the MSC asks tieFig. 1. The handoff rate for this model is computed on the
MT to forward its RSSI report via its serving BSS. Basefasis of the following fixed point equation:

on this report, the MSC identifies the candidate BSSs that ¢
can deal with this handoff. It then looks up its database to An = 2 Zjﬂj(x\n,uuuma,)\h) (7)
find the availability of channels at these candidate BSSs to j=0

arrive at the final decision. Irrespective of the architecture usg@love equation is solved iteratively foy, using the SHARPE
for conveying free channel count information, the proposegftware package [22] and placing the fixed point code within
handoff scheme will ensure that the new BSS receivingge SHARPE code for this model. The proof of existence and
handoff call will be able to provide a free channel as weliniqueness of the fixed point solution for (7) is similar to the
good link quality, thus ensuring = 1, or very close to one. nroof given in [16].
MAHO - This scheme makes handoff decisions solely on the
IV. NUMERICAL RESULTS basis of signal quality (thus ensuriag= 1) and does not take

To show the improvement provided by the new handomto account the ava||ab|l|ty of free channels or guard channels

scheme, we compare the relative performance of the fd@f the handoff calls. From the modeling and performance
different handoff schemes: evaluation purposes, we can utilize the reward model as shown

1) “G+Drop” refers to the simple guard channel approad'ﬁ1 F_ig. 1 with o :hl' g = 0 and the different reward rate
described in [16], [14], [20]. Any poor signal qua“tyas&gnments. For the MAHO case, statesl(...,c— 1) are

handoff call received by a BSS can not be sustained signed a reward rate Ofand stater is gssigned a Te.Ward
this BSS and is simply dropped. The resulting model f te of1. The dropping as well the blocking probabilities are
shown in Fig. 1 evaluated with fixed point equation (7) for computiig.
2) Simple “MAHO" [9] and [7] with no guard channels. “G+ReHo” - In this case, the receiving BSS of a poor signal
This scheme is modeled by Fig. 1 with= 1 andg = 0 quality handoff call, rather than dropping such a call (as was
3) “G+ReHo” scheme in which péor quality handoff C'a”sdone in the previous case), re-hands it off to some other better
are re-handed off as shown in the model in Fig. 2. serving BSS. For studying the behavior of this handoff scheme,
4) “M+G" scheme that utilizes the handoff protocol pro_We utilize the CTMC model shown in Fig. 2, again needs

posed in the last section, which because of MAHO lead® be calculated using fixed point iterations. Consequently, we
to o — 1. This is modeléd by Fig. 1 wita — 1 need to first set up the fixed point iteration equation associated

. . with th TMC m | shown in Fig. 2. Th ic logi
Performance of these handoff schemes is evaluated in te th the CTMC model sho 9 e basic logic

of dropping and blocking probabilitieg; and P, respectively, b&hind the fixed point iteration is that, across a multi-cell

C tati f th babiliti total b cefillular network, for given traffic and signal conditions, the net
omputation of Inese probabililies assume total humber iﬂcoming handoff rate should equal the net outgoing handoff
channelsc = 12 and the number of guard channels= 1, 2.

T luate the effect of anal lity handoff IIrate. For an arbitrary cell, we can use the CTMC shown in
0 evaluate the elect of poor signal quaity handol ca %Iig. 2 to calculate these handoff rates. Any particular state

we seta = 0.90 for the purpose of numerical illustrations., .~. . . X
It can l(;e any other numpbef(say 0.95 or 0.8), but with th%’]) of this CTMC corresponds to the following traffic and

restriction thatae < 1. Note that the analysis carried in [16]
tacitly assumedy = 1, whereas, its actual value may usually
be less than 1. The model to be used wherc 1 is given
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Fig. 4. Dropping probability (c=12, g=2) Fig. 5. Blocking probability (c=12, g=2)

signal conditions: proposed “M+G” scheme, since poor signal quality handoff

i+ number of ‘poor’ signal quality handoff calls calls are not immediately dropped. Instead, such calls are
re-handed off to some cell that can provide better service.
Similar behavior was observed fgr= 1 andg = 3. The only
This would imply that any one of thécalls will get handed notable feature is that smaller number of guard channels result
off at the rateus and any one of the calls will get handed off in slightly higher values of dropping probabilities for all the
at the rateus. As a consequence of the fixed point argumeschemes except for the MAHO whose performance does not
for the handoff traffic, the net outgoing handoff traffic ratelepend ory.
from this cell must equal the incoming handoff rate,, Fig. 5 shows the behavior of the new call blocking proba-
. bility P, for ¢ = 12, ¢ = 2 as a function of traffic intensity,
A = ZZZ’L37Ti7j()‘7l’“1’“2’“3’%/\” for o = 1.0 and0.90. Similar to the behavio®®,;, P, is also
‘L seen to be a monotonically increasing function of the traffic
+ YD jpamii(Ans s o, 3,0 M) (8)  intensity. Behavior ofP, as a function ofa however, needs
i a closer examination. For the ideal case cof= 1.0, the
Obtaining a closed form solution for above fixed equatioproposed schemes (‘M+G”) and “G+ReHo”, as well as the
for \, is not feasible. Instead, we solve fay, iteratively by conventional “G+Drop” scheme have identical performance.
means of successive substitution. As was done previously, {8) « is reduced, thé”, performance of the “G+ReHo” scheme
can be solved within the SHARPE code itself. It was observétiops, as compared to the “M+G” and “G+Drop” schemes.
that the fixed point iterations usually converged within 4-§his is explained by the fact that the “G+ReHo” scheme needs
iterations. It has been shown in [23] that the solution for fixe® temporarily allocate channels to the poor quality handoff
point iteration equation of the form (8) exists. However, thealls. This in turn leaves fewer channels available for the new
uniqueness of the fixed point solution remains to be showificoming calls, thereby increasing,. It is interesting to note
The resulting), along with other parameters were then usedat “G+Drop” scheme exhibits a slight improvementip as
to obtain P; and P, values. was explained in Section Il. It should however be emphasized
“M+G” - The “M+G” case refers to the handoff scheme basdbat a marginal improvement in the call blocking probability
on the proposed handoff protocol described in the previoasthe expense of greater increase in the dropping probability
section. The underlying handoff protocol ensures that wherisahardly a desirable feature. Similar behavior was observed
call is to be handed off, it is handed off to a cell which is abl®r ¢ = 1 and g = 3. However, asg was increased, except
to provide a free channel as well as acceptable signal qualf§t the MAHO all other schemes resulted in larger number of
thus ensuringy — 1. For studying its performance behaviornew calls being blocked, due to the fact that fewer channels
the previous CTMC model (Fig. 1) may be used with= 1 are available for handling new calls gsis increased. The
and the corresponding fixed point equation (7). blocking probability performance of the MAHO scheme is
Fig. 4 shows the behavior @t; as a function of new traffic the best amongst all the schemes described in this paper. This
load in Erlangs for the four different handoff schemes. Thi§ quite expected, because MAHO ensuees- 1, and since
plot assumes: = 12 and g = 2. To analyze the effect of g = 0, all the ¢ channels remain available for accepting new
poor signal quality handoff callsy was set t00.90. Whena  calls, thus reducing the new call blocking probability. Note
is reduced td).90, the performance of the “G+Drop” schemehowever that, reduced blocking probability comes about at the
deteriorates significantly. For the MAHO case, even thoughexpense of significantly higher dropping probability which is
is always1, its dropping probability performance is inferiorhighly undesirable as pointed out earlier.
to the other three schemes because MAHO assumes0, The final component of our analysis deals with the behavior
leading to greater number of handoff calls being dropped. Tbé P; and P, as a function ofa. This analysis is similar to
performance of the “G+ReHo” is slightly lower than that of théhe analysis carried out earlier fét; and P, as a function of

j:  number of ‘good’ signal quality ongoing calls
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Dropping Prob. N=12, g=2
T T T T

vorop 15 Erange o having poor signal quality. The analysis carried out in this
G+ReHo 15 Erlangs —+-

WAHO & G, 15 Erlangs -5 paper shows that ignoring the effects of poor signal quality

G+Drop 5 Erlangs -x
x. G+ReHo 5 Erlangs -+~

0zt MAHO & G+, 5 Eflangs - - handoff calls leads to deterioration in performance. To handle
poor signal quality handoff calls, the paper describes two new
ous x ] handoff techniques. The “G+ReHo” scheme is based on the
argument that it is better to re-handoff poor quality handoff
x calls to some other BSS, instead of simply dropping such calls.

777777 | The “M+G” scheme combines MAHO and guard channel

T approaches, which leads to a handoff scheme that ensures
1 a — 1. Two possible protocols for implementing the “M+G”
7777777777777777777777777 scheme are also described. Proposed techniques are analyzed
T T Ty =y e by first deriving a CTMC model with non-zero probability
of poor signal quality handoff. Analysis of these CTMCs
allows us to compute performance in terms of blocking and

P_d

Fig. 6. Dropping probability vsa (c=12, g=2)

o _ eecmopob@manie dropping probabilities as a function of traffic intensity as well
P G1rop, 15 Erlangs < as the signal quality of the handoff calls. It is shown that
o5l W% by taking into account both the signal quality as well as the
HAO s Erenss e availability of free channels for processing a handoff call, the

os | i proposed schemes are able to deliver better performance than

the previously reported schemes.

P_b
o
=

,,,,,,,,,,,,,,,,,,,,,,,,,,,,, APPENDIX

We prove the closed form solution, as given in (4) for the
steady state probabilities of the CTMC in Fig. 2, by using the

Fig. 7. Blocking probability vsor (¢=12, g=2) mathematical induction. Fob <i,j <e¢, 0<i+j<c

ij—1
traffic intensity. In the SHARPE code, we fixed the value of T = Wf"vo (/\3) H _ Aik )
g = 2 and that of the traffic intensity to 5 and 15 Erlangs. it \ms ) o (k1)
The value ofa was varied from 0.80 to 1.0. The effect of Too {As ij=1
the changingy on P, for the four different handoff schemes = () IT Xiss (10)
under consideration is shown in Fig. 6. Asis increased, AN o A )

the dropping probability for the “G+Drop” scheme reducesand, for0 < i,j < c+1, 0 < i+ j < ¢+ 1, the following
quite rapidly, as compared to the “G+ReHo” scheme. Notglds

that the dropping probability is minimum and remains constant i1
for the “M+G” and the MAHO ¢ = 0) schemes since both T = 70,0 <>‘3> H ik (11)
these schemes by virtue of using mobile assistance, ensure that ’ il \ ps o

« = 1. Furthermore, as: — 1, the dropping blocking for all . ) .

schemes converges to the same minimum value. Solution: We find the steady state probabilities for the state
The effect ofa on the new call blocking probability is (0-¢+1), (¢+1,0) and(i,j), 0 <4,j < c+ 1. Consider

depicted in Fig. 7. For the “M+G” and the MAHO schemeglree cases separately. o

P, is invariant with respect te.. However, for the “G+Drop” FOr the state0, ¢ + 1), the balance equation is given as

scheme, as increasesp, also increases monotonically. This (c+ Dpmoes1 = AoeMoe
is due to the fact that increased value @fimplies fewer ’ ’)\0 ’
handoff calls being dropped immediately, which leaves fewer T0,c+1 ﬁmc

channels available for accepting new calls, thus increaBing _
asa increases. In contrast, for the “G+ReHo”, increased valuibstitute forr . from (10), we get
of a implies fewer handoff calls being dropped or re-handed

0c—1
off. This leaves fewer free channels available for handling new 7o .., = _oe 7'70"06 ()‘3) 1T Yo
incoming calls, thereby increasing,. (e+Dpullelue \ps ) 1=
0 c
0,0 A3
| V. CO-NCLUSI.ON _ = Crnpe (lt?)) 1T Yo
This paper has dealt with the issue of handoff in cellular k=0

communication systems, keeping in mind more realistic scehich proves (11) for the stat@, c + 1).
narios in which BSSs also have to deal with handoff calls
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For the statdc + 1,0), the balance equation is given as [8] Telecommunication Industry Association. Digital advanced mobile
phone serviceTIA/EIA 1S-54 1995.
(c+ Dusmer1o = A3Teo [9] Telecommunication Industry Association. TDMA third generation
: A wireless standard, Rev DIIA/EIA 1S-136 April, 2002.
Tet1.0 73770 0 [10] Telecommunication Industry Association. Mobile station-base station
’ (c + 1)u3 ’ compatibility standard for dual mode wideband spread spectrum cellular
. system.TIA/EIA 1S-95 July 1993.
Substitute forr. o, we get [11] H. Holma and A. ToskalaWCDMA for UMTS: Radio Access for Third

¢ Generation Mobile Communicatio3rd ed.), John Wiley & Sons, 2005.
A3 70,0 ()\3) [12] Telecommunication Industry Association. Cellular radio telecommuni-

Te4+1,0 (c 4 1)#3 c!O!,uO 13 cation inter system operatiom.IA/EIA 1S-41B 1991.
er1 [13] I. Kitroser, IEEE 802.16e handoff draftyEEE C802.16e-03/20r1,
70,0 Az March 2004.
= W — [14] Y-B Lin, S. Mohan, and A. Noerpel, “PCS channel assignmnet strategies
U H3 for hand-off and initial access”)EEE Personal Commvol. 3 pp. 47—
which is in accordance with equation (11) for this state. 56, 1994. ,
[15] G. Brache and B. Walke, “Concepts, services and protocol of the new
GSM Phase 2+ General Packet Radio ServicEE Commuication
The third case requires equation (11) hold truefet i, j < ¢ Magazine pp. 94-104, 1997.

such thati +j=c i.e., the states Iying a|0ng the diagonal ifl6] G. Haring, R. Marie, R. Puigjaner, and K. Trivedi, “Loss formulas and

their application to optimization for cellular networks”|EEE Trans.

Fig. 2. The balance equation for these states can be written as yehicylar Technologyvol. 50, no. 3, pp. 664674, 2001.

. . [17] Y. Ma, J.J Han, and K. Trivedi. “Composite performance and availability
)\37Ti—1,j + >\i,j—17ri,j—1 = WU3TG 5 JUT analysis of wireless communication networkdEEE Trans. Vehicular
Technologyvol. 50, no. 5, pp. 100-107, 2001.

Substituting form; ; from (10) gives [18] R. Ramjee, R. Nagarjan and D. Towsley, “On optimal call admission

gl

) — control in cellular networks” ACM/Baltzer Wireless Networks Jourpal
A3 i—1J— vol. 3, no. 1, pp. 29-41, 1997.
) H Aik [19] S.C. Kim, J.C. Lee, Y.S. Shin and C. Kyoung-Rok, “Mobile tracking
k=0 using fuzzy multi-criteria decision makinglLect. Notes in Computer

A3

o T —
(i — D)lylpi ™0 <u3
i -2 Science Springer, vol. 3794, pp. 1051-1058, Dec. 2005.
)\i!jfl A3 [20] S. Ramanathan and M. Steenstrup, “A survey of routing techniques
+WWO,O H /\z‘,k for mobile communications networks”, ACM Mobile Networks and
©J s H3 k=0 Applications vol. 1, no. 2, pp. 89-104, 1996.
- - [21] Kishor S. Trivedi. Probability and Statistics with Reliability, Queuing,
. iJ— . iJ— i icati i
ips - (}\3) - <)\3> and Computer Science Applicatioi@nd ed.). John Wiley & Sons,
0,0 — 0,0

M3

M3

H Xik+ I H Aik 2001.

o ilglud [22] R.A. Sahner, K.S. Trivedi, and A. Puliafit®erformance and Reliability

k=0 Analysis of Computer Systems: An Example-Based Approach Using the

In the above equation, the first (second) term on LHS simpli- SHARPE Software Packagiluwer Academic Publisher, 1995.
fies to the first (second) term on the RHS. thus proving tW] V. Mainkar and K.S. Trivedi, “Sufficient Conditions for Existence of a

desired assertion.

Fixed Point in Stochastic Reward Net-Based Iterative ModdBEE
Transactions on Software Engineerjngpl. 22, no. 9, pp. 640 — 653,
1996.
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