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Abstract— Guard channels have been proposed to minimize the call dropping rate, in a frequency-division multiple access
handoff call dropping when mobile hosts move from one cell (FDMA)/time-division multiple access (TDMA) system where
to another. CDMA systems are power- and interference-limited. capacity has a hard limit due to the frequency/time allocation,

Therefore, guard capacity in CDMA networks is soft, that is, a hard d ch I h fi lot dlor fr n
given capacity corresponds to variable number of connections. a0 guard channeissuch as time-slots andior irequency

Thus, it is essential to adjust the guard capacity in response channels can be reserved for handoff calls.
to changes in traffic conditions and user mobility. We propose There are three important differences in adapting guard
wo zchgmes _tforArgan?%_ing SOW”(';”" CBMA _radic(’GfISD‘;chZ: channels for reducing handoff dropping in a CDMA system
uard Capaci aptation Based on Droppin , an : .
Guard Ca[?acitgAdapF:ation Based on Predicpti%ngand Dropping as compared 1o a FDMA(TDMA system. First, the_capacny
(GAPD). In both schemes, the guard capacity of a cell is Of the CDMA system is interference or power limited and
dynamically adjusted so as to maintain the handoff dropping rate hencesoft In other words, the capacity of a CDMA system is
at a target level. In the second scheme, there is an additional, not fixed and is dependent on a number of factors including
frequent adjustment component where guard capacity is adjusted he |ocation of the mobile users, their speed, their environment

2?;3% ﬁ?;Ss?ﬁathgldg;npéegfg%n'c g’xteroft;ﬁ‘év ;2;%%?? dfg;%?:éve path loss characteristics etc. Thus, there are no fixed resources

rate effectively under varying traffic conditions and system that can be reserved in order to guarantee, for example, a
parameters. We also find that GAPD is more robust than GAD specific limit on handoff dropping probability. Second, due to
to temporal traffic variations and changes in control parameters. the dependence on a variety of factors mentioned earlier, the
capacity of a CDMA system is also highly variable. Thasy
solution for improving handoff dropping in CDMA systems
The recent trend in personal communication industry ifust be highly adaptive and cannot rely on assumptions of
to provide end users with ubiquitous access to the Internghffic or mobility patterns.Third, CDMA systems are not
Mobility and handoff, however, place stringent requirementgymmetric and different factors affect uplink and downlink
on network resources. Whenever a mobile host (MH) iresources. This is due to treft-handofffeature of CDMA
an active session moves from one cell to another, netwakkere a mobile node’s transmission in the uplink (also called
resources need to be allocated at the new base station (B&)erse link, where the information is transmitted from the
New and handoff session requests will compete for connectigibbile to the base station) is automatically received by multi-
resources. QoS degradation or forced termination may oc@ base stations without using any additional radio resources.
when there is insufficient resources to accommodate the hamélus, soft-handoff in the reverse link, rather than incurring a
off. The trend in cellular networks of reducing the cell sizeost, actually results in a considerable gain in performance
to increase system capacity results in more frequent handofigwever, in the downlink direction (also called the forward
thus making connection-level QoS even more important.  |ink, where the information is transmitted from the base
Itis widely accepted in the literature that forced terminatiogtations to the mobiles), establishing soft handoff is costly as
of an ongoing call (call dropping) is more annoying than theecondary base stations must now also transmit the same signal
blocking of a new call. Prioritizing handoff calls [1][2] hasas the primary base station. The power required by the handoff
been considered to reduce handoff failures. Among variogsnnection is no longer available for allocation to other users
handoff prioritization schemes, channel reservation scheme b#ishe secondary base stations. Thus, it is necessary in CDMA
been a preferred choice because it can reduce handoff failusgstems to perform admission control separately in the uplink
with minimum overhead. With this scheme, a portion of thend downlink directions.
link capacity is reserved for handoffs. Under resource con-Tg summarize, in CDMA systems, there are no fixed

straints, the blocking probability of handoff calls can be kepksources that can be used as guard channels. Instead, a
lower than that of new calls. However, the research literature

on channel reser.vf’:\tllon SChe.meS have focused mamly On tI.malvlobile nodes transmit at a minimum power to reach a set of base stations,
and frequency-division multiple-access systems. To minimiz&iucing interference and increasing capacity.

I. INTRODUCTION



certain amount ofsoft guard capacityhas to be reserved. patterns, the diversified resource requirements and traffic
Also, given the asymmetry in CDMA uplink and downlink, loads, and users’ mobility.

call admission control has to be performed differently in the « Both schemes apply to the mixture of voice and high-
two directions. Furthermore, this reserved capacity has to speed circuit data applications.

be constantly adapted to variations due to changing trafficjy GAPD scheme, in addition to the relatively slow adjust-
patterns, mobility, environment characteristics etc. ment of the guard capacity based on the handoff dropping
Most previous studies on call admission control in CDMAyrgpapility in the cell, there is also a frequent adjustment
systems have concentrated on capacity management [3][4]@mponent based on predictions of handoffs from neighboring
None of these studies considered user mobility.ebal. [6] cells. The intention is to be able to better handle system
and Maet al. [7] consider mobility through a soft handoffqynamics and traffic conditions and to be more robust to

process in which fixed amount of soft channels are reservedigg choice of system parameters. The novelties of the GAPD
guard capacity to reduce soft handoff failures. Fixed capaciéynheme are:

reservation is effective only under ideal stationary traffic con-
ditions and cannot effectively handle a variety of traffic char- *
acteristics and users’ mobility. Some researchers [8][9][10]
have proposed dynamic guard bandwidth schemes for reverse
link transmission. As mentioned earlier, admission control is *
essential for the handoff calls in the forward direction.

In order to give priority to the handoff calls, some power can
be reserved for handoff calls in advance. In CDMA systems,'
the transmission power required for a connection is frequently ) ) _ )
adapted using open-loop and closed-loop [11] power control This paper is orga_mzed as foIIows_. In Sec_t|or_1 I, we review
so that the signal received by a mobile can meet the taré%'l‘?ted work. In schon [, we establish adrm;spn criteria an.d
signal-to-noise ratio. It is therefore difficult to predict th&l€fine the associated reserve (guard) capacities in the downlink
power required for a handoff call in advance. The adjustméfifection. In Section IV and Section V, we describe the GAD
of power allocations for ongoing sessions will also lead f&Fheme and the GAPD scheme respectively. In Section VI,
the variations of available capacity of a cell. In additionVe Présent our simulation model and in Section VII, we
CDMA allows the transmission of both voice and differenpr€sent extensive results evaluating the performance of the
bit rate data. The dynamics in the power requirement for eaBif\D @nd GAPD schemes. Finally, in Section VIII, we present
mobile and the variety of resource requirements of differeRHr conclusions.
applications add more complexity to the radio resource man-
agement. Until recently, most research about CAC schemes
in CDMA networks have been on the reverse link on the A number of attempts have been made to dynamically
basis of interference levels. Paet al. [12] studied a CAC control the guard channels. The proposed schemes typically
scheme on the CDMA forward link, taking into account botkake into consideration the active calls in the cell where a
the number of codésand interference level. The proposediew call arrives, as well as its neighboring cells to which
scheme gives priority to handoff call by reserving fixed amouttte call is likely to be handed off. One of the challenges for
of codes and interference margin. Little work has been dodgnamic guard bandwidth management is to predict where
in the literature to adaptively control the reserved downlintae subscribers will move to. Predictions in the literature are
resources so that the transmission quality of a CDMA calenerally based on mobility models or GPS monitoring of the
during handoff is guaranteed, taking into account the traffigobile locations. Tracking the speed and moving direction of
and power dynamics. the mobiles is generally costly and not accurate.

In this paper, we present two novel schemes for effectively Priscoli and Sestini [8] proposed an adaptive scheme to
managing the downlink CDMA radio resources. The twfind an optimum balance between the call blocking and
schemes are: Guard Capacity Adaptation Based on Droppiti@pping probabilities. The proposed algorithm only relies on
(GAD), and Guard Capacity Adaptation Based on Predictidhe parameters of a single cell, such as the Eb/teceived
and Dropping (GAPD). In both schemes, the guard capacitylof the BS, the number of call drops and call blocks, and the
a cell is dynamically adjusted so as to satisfy a predeterminggration of link unavailability at the BS. The authors did not
bound on the handoff dropping probability without overconsider neighboring cell load and mobility patterns. While the
penalizing new arrivals. The novelties shared by both tlseheme proposed by Chaeg al. [9] controlled the reserved
proposed mechanisms are as follows: capacity according to variations in the soft handoff attempt

« There are no assumptions on traffic and mobility patterrd@te, the capacity adaptation scheme was not presented. Also,
The proposed schemes can handle the power a||0cathﬂ'ﬂdWidth reservation based on individual soft handoff attempt
dynamics of CDMA connections, the changing traffigvould lead to significant signaling overhead between cells.

2In a CDMA cellular networks, a set of orthogonal codes are assigned to3The parameter Eb/lo represents the ratio of signal bit energy to total
users to spread information bits to the transmission bandwidth. interference and thermal noise power spectral density.

Handoff direction and attempt are predicted in concert
with the pilot-strength power measurement for soft hand-
off detection.

Aggregation technique is used so that only the total guard
capacity predicted needs to be sent to a neighboring cell
at the end of each prediction window.

The use of dual control and aggregation effectively han-
dles the inaccuracy in handoff predictions.

Il. RELATED WORK



Both these schemes were designed to optimize the linéaplement, and robust to inaccurate estimations of mobility
combination of the dropping and blocking probabilities, buand to variations of traffic patterns, mobility, cell dimensions,
not for satisfying the hard constraints on the call droppirend control parameters.
probability often required by applications with tight quality . FORWARD LINK ADMISSION CONTROL AND POWER
requirements. |
o . ALLOCATION
The distributed call admission (DCA) scheme by

Naghshineh and Schwartz [13] targets to keep the connectiorp€/re describing our resource management algorithms, we
handoff dropping probability below a specified limit. Thé‘lrst discuss the concepts of power allocation, guard capacity

admission control algorithm calculates the maximum numb@pd @dmission control in CDMA systems. CDMA systems are

of calls that can be admitted to a given cell without violatin§itérference limited and rely on throcessing gair(the ratio

the QoS of the existing calls in this cell as well as calls iff transmission bandwidth to the information rate) to be able

adjacent cells. However, imprecise control decisions can feCPerate at a low signal-to-interference ratio (SIR). In each

made due to a number of simplifying approximations in thehannel, the power transmitted by the base station is controlled
control algorithms of DCA. The limited results of the originaf® keep the SIR at a receiver at a target value. When the
paper [13] and results rebuilt by authors from [10] show th&tximum limit of the base station output power is reached,

the scheme cannot always guarantee the target call dropgitfy S'R €an no longer be maintained at the target level, and
probability. calls serviced by the base station are blocked or dropped. As

Instead of controlling the guard bandwidth, the schen‘?eresu”' call admission is closely tied to power control. The
proposed by Wuet al. [10] controls the fracti,on of new capacity of the base station is thus not just determined by

calls to be admitted. The information on channel occupancig%e |r_1format!on _rates, but is depend_ent on the power available
and new call arrival rates are exchanged periodically up d |ts_d|§tr|but|on across the m_ob|le.s. A. common ap.proach
the third nearest neighboring cells. The major computationtgl admission control in the downlink direction is to ‘f"dm.'t new
complexity of the control algorithm is to obtain the acceptancc lls as long as the output power at the base station is below
ratio by solving a nonlinear equation for the average droppi ce_rta!n threshold [3.] [151' A sm_nlar power threshold-based
probability on-line. Numerical method was used to obtaifitMssIon control policy is used in this paper.

coarse-grain solutions. A. Admission Control

The shadow cluster mechanism by Levie¢ al. [14]  The total power available at a base station is distributed
estimates future resource requirements by implementingaglong overhead channels (pilot, paging, and sync channels)
tentative shadow clustearound an active mobile for everyand traffic channels. The constraint of the total available traffic
new and handoff call. Simulations show that this mechanisfwer on the power allocation to the downlink traffic channels
is able to reduce the percentage of dropped calls in a control be expressed as follows. Assume that a kefias M,
fashion. However, the scheme requires the precise knowled@@rs. with the total traffic power normalized to 1, let the
of each user's mobility. Therefore, it is most suitable for gaction of traffic power (averaged over the time variations
strong directional environment such as the highway. Moreovggcause of fast fading) allocated to a usdve denoted as
the proposed scheme could be computationally too expensiye and the channel activity factor for the user be denoted as

to be practical. v;. Then, we have the constraint

Choi et al. [15] designed handoff estimation functions to "
predict a mobile’s next cell and estimate its sojourn time vak_ <1 0
probabilistically based on its previously-resided cell and the R

i=1

observed history of handoffs in each cell. The authors assume
that the handoff behavior of a mobile will be probabilistically
similar to the mobiles which came from the same previous ¢
and are now residing in the current cell. The guard bandwi
is adapted based on the estimation of directions and han
times of on-going connections in adjacent cells. Each adjac
cell needs to track the active connections. For each new

admission, the scheme requires the checking of the conditi L .
new call asv,.,, the initial power requirement of a handoff call

of some potentially overloaded neighboring cells. . .
Some of the above work deals with channel allocations, 97" and the activity factors for new and handoff connections

assumes that the connection consume known amounts o’farseq-]new andu, respectively. Then, the admission control criteria

sources. Our approach differs significantly since we deal wi

CDMA downlink resource management, in which capacity « Admit a new connection at cell iff

is soft (power-constrained). Also, unlike the above work (in- Ot 4 Vot < 1 — Q7. )

cluding CDMA-compatible schemes), we propose schemes in . ' o »

which no assumptions are made about the traffic characteristics Admit & handoff connection at cedl iff

and mobility patterns. Accordingly, our schemes are simple to Qi + Vniwns < 1. (3)

%\ certain fraction of the traffic power can be reserved in
‘der to minimize dropping of handoff calls: we refer to this as
eguard capacityWe can now express the admission control
isions for new and handoff calls as follows. Let the total
érr?tﬁic power be normalized to 1, and let the currently allocated
wer, and the guard capacity be represented respectively as
andQ{. Also, we denote the initial power requirement for a



Since the base station controls the transmitted power . GUARD CAPACITY ADAPTATION BASED ONDROPPING
closed-loop to maintain a targeted SIR, it does not have a- (GAD)
priori knowledge of the power required by a new or handoff L L .
call. To estimate the initial power of a mobile,,, the average The guard _capauty n a ce_ll_ls intended to maintain the
of the powers transmitted for existing connections can be us?&meﬁ dropping rate at a sufficiently low level. On the other

To facilitate the maximal ratio combining [11] of signals a ?'”d’ i th_e h'andoff dropping rate is consistgntly equal to zero,
the mobile, the base stations in an active set will all aIIocaE@'S may indicate that the guard capacity is too large, at the

the same power fraction to the mobile. So the initial pow&rOSt Of_ an unnecessarily high new c_aII blocking rate. Clearly,
allocation for a handoff call of a mobile, will be equal to an optimal amount of guard capacity would allow the most

the power allocation at its serving base staftion efficient use of the air interface capacity. However, a-priori
or fixed optimization of the guard capacity over some known

B. Theoretical Power Allocation parameters is not feasible in a practical implementation. This

After a new or handoff call is admitted, with an initial powe|ls because the traffic pattern in a cell is not known in advance,

allocated as above, the allocated power is adjusted by the ba d varies over th_e lifetime of the ce Ilglar network. AI.SO’ as
scussed in Section lll, the transmission power required for

station in closed-loop to maintain a targeted SIR. However, o ) A
it is possible to theoretically calculate the power allocatio CDMA_connectlon IS frequently adjusted to maintain the
Ignal-to-interference ratio.

required for a certain SIR [11]. We use this calculation B ) o
obtain the power allocation in our simulations. The basic objective of both our resource management
pssume a use ecivs signl pover fom base staton SCRSTES 0 Uil s e gud sepecty fr e
and interference power from the remainiig- 1 base stations. . . ' '
P e we discuss the GAD scheme. In this scheme, the handoff

Suppose that the total power received by usdrom the . . :

j!" base station isS;;. We also assume that a fractiaf, arrival and dropping rates are monitored by a cell. The handoff

of the total power erom a base statidnis devoted to the dropping ratg is maintained at a targ_et Iev_el by adjusting the

traffic channels and a fractiony; of the total traffic power guard capacity, based on a constrained integral control law
; [17]. With the measured handoff dropping rate of a cdell

is allocated to a mobilé. Then the ratio of signal bit energy tod o d the t t ) :
FE, to the total interference and thermal noise power spectFﬁPresen ed a k;?hfgan e target dropping rate &, ,
the guard capacity?] for a periodn is calculated as:

density I; of a useri can be expressed as:

Eb) wkiqﬁZSki/Ri _
(7).= @ g = min{[Q]n — 1]+ ox(Brns — Bing)/Biag ) ™).
I /,; (hkiSki + Z;’:l,j#ﬂ Sji + NoBuw)/Buw k k e A
where R; is the bit rate of user, B, is the spreading where the parameter; controls the adaptation speed of the

bandwidth, andhy; is the self-interference coefficient thatguard capacity, and;™ is the maximum guard capacity
models the effect of transmitter and receiver non-lineariti@dowed for cellk. Note that[z]" requiresz to be not less
that limit the maximum signal to noise ratio. Hence, with 1210 _

target(£2); for a useri, we can get the relative allocation of In an integral controller such as ours, a higher leads

power for useri as: to a faster response, but also leads to larger oscillations and
possible instabilities. Also, ifry (By,nf—Bj. ,¢)/ Bj 57| IS too
(B J large, 2{ may be absorbed into an extreme state. Therefore,
s — if,Gf (hri+ Y Sji/Ski+ NoBu/Ski), (5) the value ofo; should be constrainet
k= J=1,57k

V. GUARD CAPACITY ADAPTATION BASED ON

whereG,; = B,,/R; is the processing gain of useér PREDICTION AND DROPPING(GAPD)

_ qulj?tion (6)I appliesltobthe case thhthe rﬁobilebr_?ceiv_es
signal from only a single base station. When the mobile IS In the pasic concept of the GAPD scheme is to anticipate
‘Ef} I?af‘grd ?nﬁam%halar:t?é (():grtT)]aE)sire“nséaitslog:\s/éﬂeé\yt&el]rece|ved the §oft' handoffs to a cell b_efore thgy occur, in a.ddition.to

monitoring the handoff dropping rate in the cell, as in Section
(@) _ Z Wi}, Ski/ R ©) IV. The guard capacity is adjusted based on both the predicted

I /; (hkiSki +Ej:1#k Sii + NoBuw)/Buw handoffs as well as the handoff dropping rate. One of the

challenges in this approach is the prediction of soft handoff

wherew; is now the common power fraction transmitted Q55 1o 4 cell, and signaling of the anticipated handoffs to that
the mobile by the different base stations in the active set. Thg This is discussed in Section V-A. The adjustment of the

required power fractiom; can be obtained by inverting theguard capacity is then discussed in Section V-B.
above equation as in (7).

keB

SWwith the range constraints, care must be taken that does not get

4During soft handoff, one of the base stations in the active set is Selec@(?sorbed into the extreme states. Assume thig the largest error that
as serving base station to be in charge of call-related management functi(&?u ]
n

: L : h rs once the system is in closed-loop operation. The parafétean be
A serving base station is normally the one that provides the strongest signa 4 P op P g, mag *

to the mobile or the one that has been serving the mobile for the longest tirpesvented from being absorbed into an extreme statg, ik —~ . k.hf |



A. Soft Handoff Prediction In Equation 8w; is the power of the active sessiomat the

We begin with a brief explanation of how a soft handoffiMme of prediction.; is the power of the active sessighat
is initiated in CDMA systems. During inter-cell handoff, an€ time the prediction was withdraw@y; is the set of indices

mobile sends and receives information from both new aithe active sessions predicted to handoff to £etndC7, is
old base stations. The pilots of the cells involved in ththe set of indices of the active sessions with withdrawn handoff

soft handoff are categorized into aactive set A mobile Predictions to cellk. If Q7 is non-zero, the serving base

periodically measures the pilot signal strength received fropfation sends a guard capacity update message contéifjing
neighboring cells. If the mobile finds a neighboring BS witfio the target base statiénat the end of the prediction window.

a pilot signal strengthk, /I, higher than a predetermined'” _Section V-B, we wiII. dgscribe the algorithms according to
threshold T,s,, the mobile transfers the BS associated withhich the guard capacity is actually adapted, based on the net
the pilot into thecandidate setand sends a Pilot Strength€Stimated power requiremefit’, , initiated handoffs to the
Measurement Message to the serving base station, which g€t base station, and the handoff dropping rate.

send a handoff request to the target base station. If the BS can - .
be added into the active set, the serving base station sends Prefmctlon P_arameters.We now d!SCUSS th(_a t_rade-offs
Handover Direction Message to the mobile. If the pilot signé{?VOIVed in selecting values for the various prediction param-

from either the old BS or the new BS drops below threshofﬁerst Firs_t, the length of the prediction Wi.nddwp’ trades off .
Toror fOr an amount of timeT;oeon the corresponding link is the signaling overhead with the granularity of guard capacity

released. adaptation.

Since the measured pilot signal strength is used to initiateFor each handoff prediction, we defin@eediction interva)

soft handoff, we propose using the pilot signal strength # the time interval between the measured pilot signal strength
predict soft handoff. We define a new parameter, a soft handgfim a neighboring cell reachinGpecocr (When handoff is
prediction threshold preocr that is set lower thaif,on. When a  anticipated) and its reachin@y,, (when handoff can be
mobile detects that the pilot signal strength from a neighboripgrformed). When a predicted target cell receives a handoff
cell exceeddreocr, the mobile predicts the neighboring cell agrediction, it may not have sufficient spare capacity (that is
a handoff target. The mobile signals its serving base statigBt currently consumed by active mobiles or already booked as
indicating that it is approaching the predicted cell, and thguard capacity) to set the required guard capacity. The longer
serving base station identifies the mobile as candidate f@e prediction interval, the more likely it is that the predicted
handoff to the neighboring cell in the impending future anghrget handoff cell can set aside guard capacity corresponding

signals to the cell to reserve guard capacity. On the otherthe predicted handoff, as other mobiles release capacity, or
hand, if a mobile detects that the pilot strength from the celbnsume less capacity than predicted.

originally predicted as a handoff target drops belby,. for
a time period T before its reachinglys, it signals the The length of the prediction interval is dependent on the
serving base station to cancel the handoff prediction. Agaffediction threshold irencr relative to7,.,, and the mobile’s
the serving base station identifies the mobile accordingly. SPeed and moving direction. Reducifig:.ocr increases the

If the pilot strength from a cell predicted as handoff targdtrediction interval, but setting/teeocr too low will cause
reachesT),, and the cell can admit the mobile, the predictefhore incorrectly predicted handoffs, and may in turn result
cell is added into the mobile’s active set and the mobil@ excessive guard capacity and a higher new call blocking
initiates soft handoff. Irrespective of whether the mobile j&ate. ldeally, since the prediction interval depends on the
admitted into the target cell, the corresponding guard capadfipbile’s speed and direction, each mobile should have its own

is no longer needed, and the target base station reducesfBdoff prediction thresholdeecr. However, the mobility
guard capacity accordingly. characteristics of a mobile are generally not known a priori.

1) Prediction Aggregation and Signalingif the serving  the guard capacity set aside in a cell is generally shared by
base station needs to inform a neighboring base station abgithe mopiles that handoff to this cell. Therefore, the resource
each handoff prediction, signaling overhead may become @¥eded by a fast moving mobile with a short prediction interval
cessive. Therefore, we defingpeediction windowwith length - ¢an he porrowed from slower moving mobiles with earlier
W), over which predictions are aggregated. For a target cgllnqoff predictions. We will see in our performance studies

k, at time intervalsiy, a serving cellj calculates a net yat gue to this guard capacity sharing, the sensitivity of the
predicted required powéty, , which is given by the difference e rformance to the prediction threshold is reduced.
between the total estimated power requirement corresponding

to handoff predictions (pilot strength is higher th@kkeoc:), In 1IS-95A, the handoff thresholdg,,, andT;x.- are set as
and the total estimated power requirement correspondingc@nstants. However, some locations in the cell only receive
withdrawn predictions (pilot strength drops beld@w., before weak pilots (requiring a lower threshold) and other locations

reaching’,»,) during the time intervalV,,. Therefore, receive a few strong and dominant pilots (requiring higher
handoff thresholds). As a result, 1IS-95B proposes dynamic
U = Z wi — Z Wy - (8) thresholds. We take this into account by setting the thresholds
iech, iect, Trreoicr relative toT,p, instead of as absolute values.



B. Guard Capacity Adaptation Based on Prediction and Drogrediction interval cannot be controlled by prediction threshold
ping alone, but also depends on each mobile’s speed and moving

Having established the handoff prediction strategy, we ndfféction. _ . _
consider the actual adaptation of the guard capacity. This'Ve consider an alternative solution. The problem arises
adaptation is carried out at two different time scales: a rapfgcause the target cell allows the guard capacity to fall too low,
adaptation in response to handoff predictions, and a |Ongg}_response to dynamics in the handoff predictions and actual
term adaptation based on the handoff dropping probability gandoff attempts. Accordingly, we introduce a certain amount
the cell. of minimum guard capacity2;™, which remains practically

1) Adaptation upon Prediction - Fast ControAt the end C€onstant on the time-scale of the handoff prediction process,
of a prediction window, if the total predicted power for dndependent of handoff predictions and attempt rate.
neighboring cell is not zero, the serving base station senddiowever, to make it easier to estimate the right amount
an estimated aggregate power requirement to the neighbo@gninimum guard capacity, we make the minimum guard
target base station. However, several problems may arisc@Pacity dependent on the handoff dropping rate over a longer
this power is added to the guard capacity directly. Since tHge-scale. We use a similar control scheme to that used for
transmission power in a channel is adjusted frequently to maffiapting the guard capacity in the GAD scheme (equation
tain the signal quality at the mobile, the power requiremedi- However, we use a longer control windoiV,, with
of a mobile at the time of handoff can be different (lowethe control loop driven by mismatch between tfoag-term
or higher) from the estimated power at the time of handofféasured handoff dropping probabilify; , ; and the target
prediction. Also, some mobiles that were originally predicte@'ueBZ,h,f-
to handoff into a cell may end their calls or change direction 3) Guard Capacity Adaptation:\We now summarize the
before they arrive at the cell, resulting in higher than necess&¥erall guard capacity adaptation under GAPD. The guard
guard capacity setting, and possibly a higher new call blockifgPacity adaptation of a cell is driven by several inputs:
probability B,,. Finally, if a cell always sets aside sufficieniPredicted soft handoffs, the soft handoff attempt rate, and the
capacity for every anticipated handoff, the handoff failurahort-term and Iong-.term mismatch.between the measured and
probability B, ; is theoretically zero. In practice, the handoffarget handoff blocking rates. Consider a delAt the end of
failure probability is only required to be below a desired valud)em'™ prediction window, the cell adjusts its guard capacity
say, 1%. based on handoff predictions, by an amounfm|Q}. Here

In order to track the power requirement dynamics aridy, is the total estimated power requirement predicted by all
compensate for the prediction errors, and hence maintain fifeneighboring cells during that prediction window, that is,
correct trade-off between high capacity utilization (Idsy,) ar — Z or (10)
and low handoff failure probability, we introduce szaling k 7k
factor for the predicted power requirement. A célladapts
its guard capacity by scaling the predicted power by a factsihere N is the set of indices of celk’s neighbors with
o Each cell has its own prediction scaling factor, which igiobiles predicted to handoff to cell
adjusted at the end of every prediction window based on theAt the same time, celt also reduces the guard capacity by
moving average handoff dropping probability of the cell, usingn @amounty[m — 1]9/, corresponding to attempted handoffs
an integral control law. The scaling factor, for a cell k 10 the cell. HereQ{ is the total power requirement of all

JENK

during them!" prediction window is given by: attempted handoffs to the cell in that prediction window,
axlm] = min{max{a}", axm — 1] + ) ol =) wing, (12)
0% (Br,ns — Bing)/Biensts i} iec]

where parameter;’ controls the adjustment speed®f, and wherew; ;¢ is the power of the sessianat handoff time, and

af" and o™ are the minimum and maximum values ®f. C,f is the set of indices of active sessions that attempt handoff
2) Adapting Minimum Guard Capacity - Slow Control: to cell k. Note that no matter whether a handoff is admitted or

As mentioned in Section V-A.2, even if a handoff can besjected by the cell, the guard capacity reserved for the session

correctly predicted, if the target cell is highly loaded, the targgf no longer needed after the handoff is performed.

cell may not be able to release the required amount of guardrherefore, the guard capacity for cell during the m'"

capacity by the time of the handoff. One solution is to make theandoff prediction period can be written as:

prediction interval variable (by makin@preocr Variable), and

adjust Fhe prediction interval based. on the ha'n.do_ff dropping Bm] = Qm — 1] + ar[m)QP — ax[m — 1),

probability. When the handoff dropping probability increases, and QI < 9 (] < QI (12)

the prediction interval could be increased in response, thus RS TR =R

allowing the target cell more time to use freed-up resources toWe should note that the guard capacity adaptation in a

increase the guard capacity. However, periodically conveyingll occurs fairly independently of other cells. Although the

the new prediction threshold to each mobile would increageediction threshold and add and drop thresholds are assumed

the signaling overhead in the air interface. In addition, the be the same across all cells, the predicted power scaling



min

factor o, and the minimum guard capacity) ™ are adjusted
independently in each celt, based on the short-term and
long-term variations of handoff dropping probability in the
cell. The length of the prediction window/, and the long

control window LW, can also be different in each cell, and A3.

the requests for guard capacity from neighboring cells need
not be synchronized with each other.

VI. SIMULATION MODEL

We consider path loss and shadowing in our path model.
Since only signal strength measurements and transmit power
values averaged over time scales corresponding to the fast
fading are considered for handoff decisions and admission
control, we do not include fast fading in our simulations. The
path loss is modeled using the COST231-Hata model proposed

by Mogensen [18]. The signal from the base station to thé4.

user is assumed to decay at the rate3af" power of the
distance. The slow shadow fading is modeled by independent

log-normal variables. To account for the spatial correlation ofA5.

the shadows, we assume the model proposed by Gudmundson
[19], where log-normal shadowing is modeled as a Gaussian
white noise process that is filtered by a first-order low-pass
filer. Assume a base station has powey the shadowing
effect at locationl is expressed in decibel and represented
as¥;4p), the interference power received from an interfering
base statiorj by a useri at location/ can be expressed as

Pxc

v,

——10T0,

3.5
d].i

Sji = (13)
To simulate a very large PCS network, the authors in [20]
advocate a wrap-around topology. This approach eliminates

the boundary effects in an un-wrapped topology. Thus, we

is 3.84 MHz, and the thermal noigé,B,, is set to—105
dBm, derived from [21]. The self-interference factqy;

in Equation 5 is set to 0.01, reflecting the transmitter and
receiver non-linearities.

Connection requests are generated according to a Pois-
son distribution at a rate that varies with the required
simulation load and the number of subscribers. Each
connection’s lifetime is exponentially-distributed with
mean interval of one minute. Unless otherwise specified,
70 % of the total traffic is voice, with activity factor 0.5
and rate chosen randomly from the rate set of 10.2 kb/s,
6.7 kb/s, 5.9 kb/s and 4.95 kb/s. The remaining 30 % of
the traffic is data, with activity factor 1 and rate chosen
randomly from the rate set of 14.4 kb/s, 28.8 kbl/s,
57.6 kb/s, 64 kb/s, 128 kb/s, and 384 kb/s [22].

The handoff parameters are set d%, = —13 dB,
Toror = —15 dB, Tipror = 2 S, derived from [21]. The
default prediction threshol@iprepcr IS Set to 0.850p.

The target handoff dropping probability is set to 0.01
[23], the adaptation step for the predicted power scaling
factora is set as 0.08, and the rangecfs constrained

to [0.05, 1]. The prediction windowW/, is set as
one second for all the cells. The adaptation steps for
guard capacity of GAD and minimum guard capacity
of GAPD are set to the same value of 0.00025, the
long-term control intervalLWW,, for adjusting minimum
guard capacity in GAPD and interval for adapting guard
capacity of GAD are both set as 20 seconds. The guard
capacity as a fraction of total traffic power is constrained
to be below 0.30.

VIl. PERFORMANCEEVALUATION

simulate our PCS network using a wrapped mesh topology!n this section, we present a detailed performance evaluation
with 25 cells. Each cell is surrounded by two rings of bag¥f three schemes: 1) fixed guard capacity (FG), 2) guard capac-
stations so that a significant fraction of interference is cafly adaptation based on handoff dropping probability (GAD),

tured. We make the following assumptions in our simulationand 3) guard capacity adaptation based on prediction and

Al. The movement of the mobile users is based on a t

Wlaandoff dropping probability (GAPD). The central problem

A2.

dimensional random walk model. that is. the mob”egonsidered in this paper is to set aside the right amount of
can travel in any direction in a ’plane V\;ith an equaq;uard capacity so as to obtain a good trade-off between call
ality (low handoff dropping probability) and availability

below SP™. The defaultSP™ is set to 100 km/hour. (OW call blocking probability and high cell power utilization).

unless otherwise specified. Initial mobiles are generat&§cordingly, we use the following performance metrics:
randomly and uniformly across the cells, and can appears New Call blocking probability the number of new calls
anywhere with an equal probability. After a mobile is ~ blocked as a fraction of the number of new arrivals
initiated (i.e., a mobile subscribes to the system), its received.

location is tracked even when it is inactive. « Handoff dropping probability- the number of handoff
The default diameter of a cell is 2 km, and all the calls blocked as a fraction of handoff calls received.

base stations are assumed to use the same transmissionAverage cell power utilization the power consumed by
power of 15 W. For each base station, 20 % of the the active sessions as a fraction of the total traffic power
power is assigned to pilot channel, 70 % of the power available.

is assigned to traffic channel [21], and the remaining » Average cell guard power fractionthe average fraction
power is assigned to other control channels. For an Of traffic power set aside as guard capacity.

active session, closed-loop power control is simulated In the next section, we compare the performance of the three
to maintain the minimum bit energy to noise densitgchemes under default parameter settings. We then examine
ratio Eb/lo at some pre-determined target level, 5 die impact of voice ratio (varying the voice-data traffic mix)
for voice and 1 dB for data. The spread bandwidth and user mobility speed on the performance of these schemes.

probability. The speed of a mobile is chosen random
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Fig. 1. Performance metrics of capacity management for FG, GAD and GAPD: (a) new call blocking probability; (b) handoff call dropping probgbility; (c
average cell power utilization; (d) average cell guard capacity.

Finally, we examine the the robustness of the GAD and tlileiring instantaneous high handoff loads. Fig. 1 (d) shows that
GAPD schemes to changes in the various control paramet&@#&D and GAPD have much smaller average guard capacities
Impact of other parameters such as cell size and base statlan FG; this is because both schemes reduce their guard
power on the performance of the GAD and GAPD schemeapacity during periods of low handoff load, although they

can be found in []. have comparable or slightly higher guard capacities during
. periods of high handoff load.
A. Comparison The instantaneous handoff dropping probabilities and guard

We first compare the basic performance of three schemgdpacities are shown in Figs. 2 (a) and (b), which are based
FG, GAD, and GAPD. Clearly, the performance of the F@N @ snapshot of a single cell between 10000 seconds and
scheme depends on the amount of fixed guard capacity: #7000 seconds. Prior to and during bursts of high handoff load
optimal guard capacity depends on the size and power of fifedicated by peaks in the dropping probability traces), GAPD
cell, and the traffic pattern (voice/data ratio, mobility, etc.J$ Seen to adapt the guard capacity more actively than GAD
Under the default conditions, the optimal guard capacity {Qecau;g of h"?meﬁ prediction), and achieves lower dropping
about 0.039; we used this value in the simulations of FG. TREobability during these bursts.
performance of the FG scheme is then similar to that of the . . .

GAD and GAPD schemes, in terms of blocking probabilit?' Effect of Voice Ratio and User Mobility

(except at high loads), handoff dropping probability, and cell We study the impact of traffic patterns by varying the ratio
power utilization (Figs. 1 (a), (b) and (c) respectively). Albf voice traffic to data traffic, and by varying the maximum
three guard capacity schemes are able to maintain the handadbile speedSP™. Other parameter values are at default
dropping probability at or below the target level, which isevels; in particular, the offered load is 0.85.

achieved at the cost of a smaller increase of new call blockingVoice connections generally have lower data rates and
probability. However, since FG only works optimally for onex smaller range of data rates than data traffic, and voice
particular traffic/mobility/load configuration, its performanceraffic is less bursty than data traffic. If the total offered
under different conditions is generally much worse than thiatad is the same, a larger fraction of voice traffic allows for
of GAD and GAPD as will be seen in later sections. better multiplexing and hence more efficient resource usage.

Fig. 1 (a) shows that GAD and GAPD have slightly higheFherefore, for all three schemes, both the new call blocking
new call blocking probabilities as compared to FG at higprobability and handoff dropping probability decrease as the
load. This is because GAD and GAPD rely on an iterativeoice ratio increases.
process (guard capacity adjustment based on handoff preFig. 3 (b) shows that when the voice ratio decreases (making
dictions and/or dropping probability in previous period), anthe overall traffic burstier), the GAD and GAPD scheme
are inherently more conservative in reserving guard capacise generally able to keep the handoff dropping probability
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below the target level (0.01), by reserving more guard capacityre withdrawn predictions, which again result in unnecessary
(Fig. 3 (d)). The FG scheme, on the other hand, cannghard capacity as well as more signaling overhead. This would
keep the dropping probability within the target level at smatend to increase the new call blocking probability; however,
voice ratios. The significant handoff performance improvemethte longer term adjustment of minimum guard capacity in
of GAD and GAPD come at the cost of a slightly loweiGAPD prevents excessive guard capacity from being held too
cell power utilization due to the higher guard capacity, arldng. This is seen in Fig. 6 (c): as the prediction threshold
correspondingly slightly higher new call blocking probabilitys reduced, the minimum guard capacity at a given load
(Fig. 3 (¢),(@)). decreases, countering the increase of prediction-based guard
The dropping probability under GAD is always somewhatapacity. This prevents the new call blocking probability from
higher than that under GAPD, with the largest differendacreasing significantly as the prediction threshold is reduced
between the two schemes (11.3%) occurring at the small@Sig. 6 (a)), and makes the GAPD scheme robust to the setting
voice ratio of 0.3. Since both schemes reserve approximatelythe prediction threshold.
the same average guard capacity even at small voice ratios(Fig) Prediction Window Lengti/, in GAPD: The prediction
3 (d)), the advantage under GAPD under the most dynaméhgth controls the interval at which a cell sends aggregated
conditions evidently comes from the fast handoff predictionandoff power predictions to a neighboring cell. A largEj
based adaptation. means longer delays between making handoff predictions and
In our simulations, the speeds of the mobiles are randomdignaling them, which reduces the time for the target cell
generated between zero and a maximum sp8&d™. In- to accumulate guard capacity. This would tend to increase
creasingS P increases user mobility, and therefore increas@aindoff dropping probability. However, Fig. 7 shows that
the frequency of handoffs. With a fixed guard capacity, thgandoff dropping probability and new call blocking probability
increased frequency of handoffs with speed limit results in themain well-controlled over the entire range 18f, settings.
handoff dropping probability being 8% higher than the targgtis is likely due to several reasons. While handoff predictions
probability at the highest speeti"™ (Fig. 4 (b)), while GAD  are delayed longer with largé¥,, withdrawn predictions are
and GAPD maintain the dropping probability at less than théiso delayed longer, so that the corresponding excess guard
target (0.01) at all speed limits. Note that the advantage undgipacity is held longer. Also, the scaling facter which
GAD and GAPD would be even greater at higher offered loadontrols the fraction of the predicted handoff power actually
C. Effect of Control Parameters added to (or subtracted from) the guard capacity, is adjusted
in response to handoff dropping probability. As shown in Fig.
I-grs(a), o indeed increases with the increaselin,, causing
guard power reservation to change more sharply in response
to predictions. Fig. 8 (b) shows that the minimum guard

he si f th icti hreshol icti . ; .
\t/vii dS;)I\ZNe I?V t iEr: ngdggl_or; r;[ dr?; eolgaRgE;)ﬁT, o?nt?] eprliilgcfltz:] mcapacity decreases at the same time, reflecting the more abrupt
Lo I prediction-based adaptation of guard capacity.

adaptation periodlW,,. We vary one parameter at a time, .
P b b y P 4) Long-term Control PeriodLW,: The LW, parameter

while keeping the other parameters at default values. The - . P . .
offered load is fixed at 0.85 sets the interval at which the guard capacity is adjusted in

1) Target handoff Dropping Probabilitywe vary the target QAD, and the minimum guard capacity is adjusted in GAPD,

handoff dropping probability in this simulation. Fig. 5 showd! order to mai_ntain the handoff dropping .probabilityia'lt its
that both GAPD and GAD are able to keep the droppilﬁrget_ value. Fig. 9 shows that the dropping probability .of
probability at or below the target for target values highdpAD increases much more sharply than that of GAPD with
than 0.008, with GAPD having somewhat lower dropping arfge increase of _the _control period, and exceeds the targe_t_when
new call blocking rates. For target dropping probabilities le£8€ control period is larger than 30 seconds. The additional
than 0.008, GAD with the default control parameters can fiBrediction-based) adaptation mechanism in GAPD enables it
longer keep the dropping rate within the target, while GAPE® keep the dropping rate below the target for much larger

is able to do so, at the cost of slightly higher new call blockin§!ues of the control period, up to 70 seconds, at the cost of
probability. only slightly higher new call blocking probability. At a control

2) Prediction Threshol@eeocr in GAPD: In this section, period of 70 seconds, the dropping probal_aility of GAPD is
we look at the effect of th@hecr threshold in GAPD, which @bout 20 % lower than that of GAD, while the new call
defines the power threshold at which a handoff is predictd®]ocking is only 6.6% higher.

By default, Threpicr IS set as0.85T . We show simulation
results for three different values @fenicr (s a fraction of
Top): 0.75, 0.85, and 0.95. We have presented two schemes (GAD and GAPD) for

Setting a lower prediction threshold results in earlier handafianaging downlink CDMA radio resources that maintain on-
predictions. This allows the target cell more time to accumgoing call quality by minimizing call-dropping during hand-
late guard capacity, and results in a lower dropping rate, affs, without over-penalizing new arrivals. In both schemes,
seen in Fig. 6 (b). On the other hand, a lower prediction threghe guard capacity of a cell is dynamically adjusted so as to
old causes guard capacity to be held longer. It also causeaintain the handoff dropping rate at or below a target level. In

In this section, we study the effect of various control para
eters on the performance of GAD and GAPD. The paramet
we consider are: the target handoff dropping probab#iy;;

VIIl. SUMMARY
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the GAPD scheme, there is an additional, frequent adjustmepst S. Su, J. Chen, and J. Huang, “Performance analysis of soft handoff in
of the guard capacity based on a novel soft handoff predic-
tion mechanism, which aggregates prediction decisions al

acts in concert with the pilot power-based handoff detection

mechanism to reduce signaling overhead. The emphasis of thsiss
work has been to develop simple and robust mechanisms tf{a]t

do not assume knowledge of traffic and mobility patterns, and
can work over a wide range of system and control parameteri8]
In our simulations, we study the performance of the GAD
and GAPD schemes, and also a scheme with fixed gugrad
capacity (FG), in which the amount of guard capacity can
be tuned offline with optimal parameters for a given set of
system parameters and traffic conditions. The performaricg
of FG is comparable with the performance of the GAD ar;[%
GAPD schemes under the default conditions. However, ]
has significantly higher handoff dropping probability (up to
23%) than GAD and GAPD as we vary the ratio of voice and?!
data traffic, and user mobility. GAD and GAPD are both able
to maintain the handoff dropping rate below the target value]
over a wide range of traffic, system and control parameters,
with only small effects on the blocking rate of new calls.
However GAPD performs significantly better than GAD und€t5s]
certain conditions, because its predictive control allows it to
respond more quickly, and its dual control can compensaig,
for prediction errors more effectively. GAPD is better able
to control the handoff dropping rate under dynamic traffi
conditions traffic), (e.g., due to bursty data traffic), and is algps)
more robust to a wide range of control parameter values.
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