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andoverl is the mechanism 
that transfers an ongoing 

m one cell to another as a 
user moves through the coverage 
area of a cellular system. As small- 
er  cells are deployed to meet the 
demands for increased capacity, 
the number of cell boundary cross- 
ings increases. Each handover 
requires network resources to 
reroute the call to the new base 
station. Minimizing the expected 
number of handovers minimizes the switching load. Another 
concern is delay. If handover does not occur quickly, the 
quality of service zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(QoS) may degenerate below an acceptable 
level. Minimizing delay also minimizes co-channel interfer- 
ence. During the handover there is a brief service interrup- 
tion. As the frequency of these interruptions increases the 
perceived QoS is reduced. The chances of dropping a call due 
to factors such as the availability of channels increase with the 
number of handover attempts. All of these issues place addi- 
tional challenges on the cellular system. As the rate of han- 
dover increases, handover algorithms need to be enhanced so 
that the perceived QoS does not degenerate and the cost to 
the cellular infrastructure does not skyrocket. Much effort is 
being expended to study existing handover schemes, and to 
create new ones that meet these challenges. 

This article presents a survey of published work on hand- 
over performance and control. The aim is not to describe 
each approach in detail but to present the flavor of current 
trends in handover research. What types of approach are 
taken? How do the system assumptions differ? An introduc- 
tion into the metrics that provide a base for quantitative com- 
parisons is the starting point for a discussion of the basic 
schemes used to initiate a handover. Adjustments can be 
made to these schemes to control the handover process. The 
optimum settings change with shrinking cells and with varying 

flow traffic can be assigned to the 
macrocells. Approaches such as this 
create a whole new area for investi- 
gation. Should pedestrians use 
microcells and vehicles use macro- 
cells? Should speed, assuming we 
can determine it, be the determin- 
ing factor in assigning a user to a 
particular t ier? Alternately, the 
same variables used to control han- 
dover in single-tier systems may be 
augmented to provide the addition- 

a1 functionality needed to control cross-tier handovers. Per- 
haps the existing control variables are adequate by themselves, 
and all that is needed are novel techniques to set their values 
differently. Does an algorithm need to know whether a user is 
in the macrocell or microcell plane to interpret measurements 
of the current and candidate base stations? Do the macrocells 
and microcells use the same radio link and network proto- 
cols? Do adjacent system providers use the same radio link 
and network protocols in either the macrocellular and/or 
microcellular tiers? Finally, once a system provider chooses a 
particular algorithm, say for radio link efficiency, does it 
adversely impact the teletraffic performance of the system? 
That is, are all users shuffled into one tier while the other tier 
remains underutilized? 

This article discusses the status of various aspects of this 
work. The presentation is divided into two parts. The first 
section discusses investigations that are applicable to a single 
tier of cells. It focuses on macrocells, but includes a brief dis- 
cussion on how things change as cell sizes shrink. The second 
part assumes an overlay of macrocells and microcells and 
summarizes issues and approaches unique to such systems. 
The article concludes with a summary overview. An extensive 
bibliography is included to allow the reader to further explore 
the subject. 

propagation characteristics. 
The deployment of a multitier system with macrocells 

overlaying microcells offers system providers new opportuni- 
ties. Clever uses of the two tiers can lead to increased end- 
user performance and system capacity. For example, 
stationary users can be assigned to microcells so that they 
operate at reduced power and cause significantly less interfer- 
ence; when the microcellular capacity is exhausted, the over- 

The terms “handover” and ‘Randoff” are used interchangeably within 
the literature. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

HANDOVER BASICS 
his section provides background information on traditional T topics in handover research. A list of common perfor- 

mance metrics is followed by a description of the methods 
commonly used to initiate a handover. These form the basis 
for many investigations into microcellular handover and over- 
laid system handover. The control aspects of handover, that 
is, the way in which a system provider can tune the perfor- 
mance of a handover algorithm, are then discussed. Finally, a 
brief overview is included of those aspects that require special 
attention as cells shrink. 
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PERFORMANCE METRICS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
This subsection discusses basic performance aspects of hand- 
over. The performance metrics used to evaluate handover 
algorithms [l, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA21) are: 

Call blockingprobability -the probability that a new call 
attempt is blocked. 
Handover blocking probability zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- the probability that a 
handover attempt is blocked. 
Handover probability - the probability that, while com- 
municating with a particular cell, an ongoing call requires 
a handover before the call terminates. This metric trans- 
lates into the average number of handovers per call. 
Call droppingprobability - the probability that a call ter- 
minates due to a handover failure. This metric can be 
derived directly from the handover blocking probability 
and the handover probability. 
Probability of an unnecessary handover - the probability 
that a handover is stimulated by a particular handover 
algorithm when the existing radio link is still adequate. 
Rate of handover - the number of handovers per unit 
time. Combined with the average call duration, it is pos- 
sible to determine the average number of handovers per 
call, and thus the handover probability. 
Duration of interruption - the length of time during a 
handover for which the mobile terminal is in communica- 
tion with neither base station. This metric is heavily 
dependent on the particular network topology and the 
scope of the handover [3]. 
Delay - the distance the mobile moves from the point at 
which the handover should occur to the point at which it 
does. 

HANDOVER INITIATION 
A hard handover, as opposed to a soft handover, occurs when 
the old connection is broken before a new connection is acti- 
vated. Published performance evaluations of hard handover 
study several initiation criteria. All assume the signal is aver- 
aged over time to remove the rapid fluctuations due to the 
multipath nature of the radio environment. Detailed studies 
have been done to determine the shape as well as the length 
of the averaging window, that is, how much we should trust 
older measurements. Figure 1 shows a mobile moving from 
one base station (base 1) to another (base zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2) .  The averaged 
signal strength of base 1 decreases as the mobile moves away 
from it. Similarly, the averaged signal strength of base 2 
increases as the mobile approaches it. Using this figure, the 
following discussion explains various approaches: 

Relative signal streng& chooses the strbngest received base 
station at all times. The decision is based on an averaged 
measurement of the received signal. In Fig. 1, the han- 
dover will occur at position A. This method is shown to 
stimulate too many unnecessary handovers when the cur- 
rent base station signal is still adequate [l]. 
Relative signal strength with threshold allows a user to 
hand over only if the current signal is sufficiently weak 
(less than a threshold) and the other is the stronger of 
the two. The effect of the threshold depends on its value 
compared to the signal strengths of the two base stations 
at the point at which they are equal. If the threshold is 
higher than this value, say T1 in Fig. 1, this scheme per- 
forms exactly like the relative signal strength scheme, so 
the handover occurs at  position A. If the threshold is 
lower than this value, say T2 in Fig. 1, the mobile will 
delay handover until the current signal level crosses the 
threshold at position B. In the case of T3, the delay may 
be so long that the mobile drifts far into the new cell. 
This reduces the quality of the communication link and 

W Figure 1. Trends zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin handover design. 

may result in a dropped call. In addition, this causes 
additional interference to co-channel users. Thus, this 
scheme may create overlapping cell coverage areas. A 
threshold is not used alone in practice because its effec- 
tiveness depends on prior knowledge of the crossover 
signal strength between the current and candidate base 
stations. 
Relative signal strength with hysteresis allows a user to 
hand ove;only if the new base station is sufficiently zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

stronger (by a hysteresis margin, h, in Fig. 1) than the 
current one. In this case the handover will occur at point 
C. This technique prevents the so-called ping-pong effect, 
the repeated handover between two base stations caused 
by rapid fluctuations in the received signal strengths from 
both base stations. The first handover, however, may be 
unnecessary if the serving base is sufficiently strong. 
Relative signal strength with hysteresis and threshold hands 
a user over to a new base only if the current signal level 
drops below a threshold and the target base station is 
stronger than the current one by a given hysteresis mar- 
gin. In Fig. l, the handover will occur at point C if the 
threshold is either TI  or T2, and will occur at point D if 
the threshold is T3. 
Prediction techniques base the handover decision on the 
expected future value of the received signal strength. A 
technique is proposed and shown via simulation to be 
better, in terms of a reduction in the number of unneces- 
sary handovers, than both the relative signal strength and 
relative signal strength with hysteresis and threshold 
methods zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[4]. 
In summary, handover initiation criteria analyzed in the lit- 

erature are based on essentially four variables: the length and 
shape of the averaging window, the threshold level, and the 
hysteresis margin. Techniques that control handover initiation 
using these criteria are discussed in the following subsection. 

After choosing a new base station, a user may then choose 
a channel at that base. Some algorithms implement base and 
channel selection as a single decision, and often denote it as 
joint base station and channel assignment. One such study sim- 
ulates a signal-to-interference-ratio-(SIR)-based handover 
algorithm for a one-dimensional system [ 5 ] .  Subsequently, 
they use the same simulation tool to evaluate the maximum 
power handover (MPH) scheme, a variant of the relative signal 
strength method that includes multiple handover candidates 
[ 6 ] .  As compared to the SIR-based handover, for a slight 
increase in call blocking MPH shows a notable decrease in 
call dropping at the expense of an increase in the number of 
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Thte3hold level zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Averaging intcrv 
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- _ _  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W Table 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOverview zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof handover control studies. 

unnecessary handovers and ping-pongs. To correct this prob- 
lem a timer is introduced into the MPH scheme to create a 
new scheme, maximum power handover with timer (MPHT). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 
handover is allowed only after a timer expires. It is shown that 
this decreases the number of unnecessary handovers relative 
to MPH, but has little effect on call blocking or dropping. 
This work has been extended to two-dimensional systems [7]. 

Thus, both hysteresis margins and timers can be used to 
reduce the ping-pong effect. In the Pan-European Digital Cel- 
lular Standard [8], a handover margin parameter is used as the 
hysteresis margin. In addition, there is a temporary offset con- 
trolled by a timer to favor intracell handovers over intercell 
handovers whenever possible. The North American Personal 
Access Communications System (PACS) personal communi- 
cations services (PCS) standard [9] combines the hysteresis 
margin with a dwell timer. No work has been published report- 
ing on the performance of a combined hysteresis and timer- 
based handover procedure. 

Reward/cost optimization techniques have been applied to 
study handover [lo]. A reward is given for maintaining a con- 
nection, and there is a cost associated with switching a con- 
nection. This methodology is very preliminary and has not yet 
been applied to real systems. 

Propagation modeling of a connection with a satellite has 
been compared with that from a land station [ l l ] .  i t  is noted 
that handover between satellites is more complicated than 
handover between a land station and a satellite. No protocols 
are discussed and no justification is given for this argument. 
For an intermediate circular orbit (ICO) satellite (i.e., one at 
6000-20,000 km) a typical voice call may not require any 
handover at all [12]. No such claims were made for low earth 
orbit (LEO) satellites, which revolve at an elevation of less 
than 2000 km. It is quite possible that for LEO satellites user 
mobility is not an issue at all. In the Iridium proposal the 
footprints of the satellites move across the earth at a speed of 
7 kmis. Thus users, even highly mobile ones, seem to be 
standing still. 

Another important issue in satellite deployment is the ele- 
vation off the horizon, the grazing angle. Low-grazing-angle 
satellites have larger footprints and therefore require less fre- 
quent handovers. High-grazing satellites deliver a better-quali- 
ty signal. A study with parameters taken from the LEO 
Iridium and I C 0  LEONET concepts [12] reveals that the gain 
in quality does not justify the reduction in footprint size. 

INITIATION CONTROL 
Parameters under the control of the designer include the hys- 
teresis margin, threshold level, averaging interval, window 
shape, and dwell timer. Table 1 shows the subsets of these 
control parameters that various authors have chosen to study. 

The hysteresis margin and the duration of averaging can be 
used [13] to trade off the mean number of handovers against 
the delay in handover. The handover process was studied in 
terms of the level crossing process of the difference in received 
signals between the two base stations, where mobiles move on 
a straight line between them. At first the level crossing pro- 
cess was assumed to be stationary; later work zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[14] included 

the nonstationary case. A simulation study [E] evaluated the 
trade-off between delay and number (and probability) of 
unnecessary handovers. Parameters again included the hys- 
teresis level and the averaging window length. This work 
focused on the shape of the averaging window, and consid- 
ered both rectangular windows and exponential windows with 
various weights. Long windows reduce the number of hand- 
overs but increase the delay. 

The analytic work on handover algorithm performance is 
extended [16] from the case of relative strengths to the case of 
combined absolute and relative strengths. With the averaging 
interval fixed, results report on the tradeoff between delay 
and the expected number of handovers. Figure 2 shows the 
method of reporting these results. The y-axis shows the aver- 
age number of handovers that occur while a user is moving 
from base 1 to base 2 in Fig. 1. The x-axis shows the location 
of the first handover between Base 1 and Base 2, where 0.50 
indicates that it occurs at the halfway point and 0.75 means 
the mobile is 75 percent of the way to Base 2. For a particular 
set of values for the hysteresis margin, h, and the threshold 
level, T, the system will operate at the point marked A. The 
horizontal distance from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 0.5 and the location of A is a 
measure of the handover delay. Figure 2 shows that as either 
the hysteresis margin is increased or the threshold level low- 
ered, the mean number of handovers decreases as the expect- 
ed delay increases.2 When the hysteresis level is small for the 
considered parameters, the threshold has a greater influence 
on the expected number of handovers and crossovel- point 
[16]. Careful inspection of Fig. 1 reveals that this is related to 
which trigger (threshold or hysteresis) occurs first. The hys- 
teresis level can be used to trade the number of handovers 
against delay; this relation is plotted on a single curve for sev- 
eral thresholds, and the exact position on the curve depends 
on the threshold. 

A soft handover algorithm is modeled [17] using tech- 
niques proposed for conventional handover algorithms [16]. 
Given a system with two base stations, a user is in communi- 
cation with either one or both of them. A user in communica- 
tion with both is in soft handover and is said to be in the 
active set. Each user in an active set requires fixed network 
resources to deliver the speech information to the mobile 
switching center (MSC). The trade-off is between the number 
in the set and the number of active set updates. Users are 
added to the set when their signal crosses a threshold, and 
removed from the set when they are below another threshold 
for a period of time that exceeds a timer. i t  is shown that this 
timer greatly decreases the number of updates to the active 
set while only slightly increasing the average size of the set. 

Various other topics in handover control include a discus- 
sion of priority handover schemes [18]. This work is motivated 
by the fact that the best strategy for the radio link in terms of 
minimizing the number of handovers may not work well from 
a teletraffic point of view in the case of hot spots, areas of 
dense traffic. Users may be dropped due to an algorithm 
which denies additional handover attempts that may save the 
call. Results advocate reserving radio channels for handover. 

The application of nonstandard approaches to handover 
control include neural networks, fuzzy logic, hypothesis test- 
ing, and dynamic programming. Neural networks are pro- 
posed as a possible tool to implement multicriteria handover 
algorithms [19]. A simple example illustrates the methodology 
but requires significant background knowledge on neural net- 
works. i t  is noted that when the neural network approach con- 

Note that allpairs of h and T may not lay exactly on a single line, but 
results [16/ show that they “cluster” very closely near by. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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trols handover, microcell/macrocell overlays “may have little 
effect on the handover implementation” [19]. The number of 
handovers can be reduced by using various fuzzy logic and 
pattern recognition techniques [20]. This article simulates the 
case of three cells for various techniques and reports reduc- 
tions in the number of handovers of 5-7 percent. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA signal- 
strength-based neural network mobile-controlled handover 
algorithm based on hypothesis testing is also proposed [21]. 
No performance results are given to show that it is better than 
existing algorithms, but they are reportedly forthcoming. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 
dynamic programming treatment of a handover algorithm that 
minimizes service failures as well as the number of handovers 
results in a strategy with performance essentially the same as 
the classic hysteresis-threshold strategy [22]. A service failure 
occurs when the signal strength falls below a certain level 
required for satisfactory service but not sufficiently poor to 
drop a call. 

MICROCELLULAR HANDOVER 
The use of a GSM-like mobile-assisted handover in a micro- 
cellular environment is studied in terms of radio propagation 
issues [23]. The rapid change in the received signal strength 
when a mobile turns a corner, the corner effect, is shown to 
affect the uplink more than the downlink in a microcellular 
environment. This is based on the observation that when a 
mobile turns a corner, the signal gets weaker while the uplink 
interference remains constant and the downlink interference 
changes, potentially getting weaker. The signal measurements 
as users cross intersections and turn corners are studied via 
simulation [24]. 

A distinction is made between line-of-sight (LOS) hand- 
over, when the two base stations can see each other, and non- 
LOS handover, when they cannot. In the LOS case, hysteresis 
may be useful in preventing premature handover requests at 
the expense of possible delay [25]. It is concluded [24] that a 
handover decision should be based on both the upstream and 
downstream measurements. This will reduce the number of 
handovers to non-LOS base stations that become visible when 
crossing an intersection. In a macrocellular environment with 
cells over 600 m, the slope of the received power with dis- 
tance is flatter near the equipower midpoint between two base 
stations [25]. Thus, hysteresis will significantly delay the hand- 
over initiation process. 

There are two contradictory goals. LOS handover avoids 
the ping-pong effect, whereas non-LOS handover must be 
done as quickly as possible due to the sudden signal drop as a 
mobile turns a corner [23]. Possible solutions to these contra- 
dictory goals include the use of umbrella cells, the use of 
macrodiversity, and switching to mobile-controlled handover 
[23]. Only the umbrella cell approach provides compatibility 
with existing standards. 

The performance of simulcasting in the downlink is ana- 
lyzed and compared to selection diversity [26]. While simul- 
casting improves the robustness of a user’s signal to fading, 
the effect on other users needs to be investigated. Results 
quantify the co-channel interference performance of simul- 
casting with both coherent and noncoherent receivers. In both 
cases, carefully designed simulcasting algorithms can reduce 
the effects of co-channel interference. 

The handover decision process is studied for a microcellu- 
lar Manhattan grid. The choice of reuse pattern affects the 
upstream and downstream SIR measurements [24]. Moving 
from a seven-cell reuse deployment with omnidirectional 
antennas to a three-sector system with a reuse of 3 increases 
the capacity by a factor of 713 but reduces the maximum num- 
ber of channels in a single location by a factor of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA719 [27]. 
This article proposes a cell layout with macroscopic diversity 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. The trade-off between the mean number of hand- 
overs and the location of the first handover (fraction of the dis- 
tance between two identical base stations) is controlled zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAjointly 
by the hysteresis margin, h, and the threshold level, T. 

and overlaid cells that increases the capacity by a factor of 713, 
and also increases the maximum number of channels in a sin- 
gle sector by a factor of 713. This is achieved by accepting a 
less steep decline in power at the boundary between two cells, 
which complicates the handover decision and causes it to 
require other information besides signal strength. Recall from 
the earlier discussion that a less steep decline will cause addi- 
tional delay assuming that the hysteresis margins remain fixed. 

Microcells can be deployed along with macrocells to han- 
dle pockets of dense traffic. The available spectrum can either 
be divided or shared between the two classes of cells. The 
divided spectrum method avoids macrocell/microcell interfer- 
ence problems but is spectrally inefficient unless the location 
of all users is known in advance. Spectrum sharing can be 
achieved via either disjoint or overlaid microcells and macro- 
cells. 

Spectrum sharing is easier in the case when the traffic is 
not uniformly distributed [28]. If microcells are deployed to 
cover a hot spot surrounded by a lower traffic area, one may 
envision a system with both microcells and macrocells, each 
covering a disjoint area. Special attention must be given to the 
channels assigned to the microcells along the border of the 
microcellular region. 

Several overlaid fixed channel plans, with different reuse 
distances, may be dynamically allocated channels based on the 
location of mobiles. If mobiles are close to the base station 
they are assigned a channel from a group with a lower reuse 
distance. Performance bounds on this strategy are derived 
[29]. A channel segregation dynamic channel assignment 
(DCA) system is proposed [30] which reuses the same chan- 
nels in the microcells that are used in the macrocells. Macro- 
cell-to-microcell interference is compensated for by a slight 
increase in microcell transmit power. 

MACROCELUM ICROCELL OVERLAYS 
his section provides an overview of issues related to an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT overlaid system of microcells and macrocells. First, the 

control issues related to an overlaid system are discussed in 
two sections. The first uses velocity estimation as an assign- 
ment criterion; the second considers approaches that propose 
slightly different ways of using the same control parameters as 
single-tier systems. Then the problem of system integration is 
introduced: what to do when the macrocellular and microcel- 
lular systems use different radio link standards? Finally, the 
teletraffic implications of such a system are discussed. Does 
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the multitier system distribute traf- 
fic effectively and deliver the 
promised QoS requirements? zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

VELOCITY ESTIMATION 
Microcellimacrocell system propos- 
als often assign users to a particu- 
lar level according to their speed. 
Fast users are generally encour- 
aged to join macrocells, and slow 
users typically join microcells. 
Users are then instructed to move 
between the microcellular and macrocellular planes based zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon 
their speed. This jointly reduces the number of handovers and 
increases the total system capacity. This section provides an 
overview of several velocity-based assignment algorithms and 
then highlights some of the velocity estimation methods. 

Users may prefer the microcells unless no capacity is avail- 
able or they are moving too qilickly [31]. On the other hand it 
may be appropriate to immediately place slow users in the 
microcells and fast users in the macrocells and allow hand- 
overs between cell layers as needed [32]. Another approach 
initiates calls via the macrocell [33]. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA user must remain in a 
macrocell for a sufficiently long time before being handed 
over to the microcell plane. After exceeding this interval, the 
user is directed to the microcell in which it was located when 
the call began, assuming that the user did not exit that micro- 
cell. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn extension to this technique estimates a user’s speed at 
a given point prior to entering the cell; this allows the system 
to assign users more quickly after they cross into the cell. 
Thus, in all cases sufficiently slow users are more likely to be 
assigned to a microcell than are fast-moving users.- 

Estimation of vehicle velocity is possible if its receiver’s 
Doppler frequency is known. There is a useful relationship 
between the branch switching rate of a diversity receiver and 
its Doppler frequency which permits the estimation of vehicle 
speed without any significant hardware changes [34]. Three 
methods of velocity estimation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- level crossing rates, zero 
crossing rates, and a covariance method - have been com- 
pared using physical layer considerations [35]. Their perfor- 
mance differs depending on the propagation environment. 
Understanding how the velocity estimators react to changes in 
the propagation environment allows their use for detecting 
when a mobile turns a corner. 

Direction-biased algorithms are proposed and studied via 
simulation [36]. Four base stations are compared at the point 
of handover. Hysteresis levels are used to favor approaching 
over receding base stations. Alternately, it is possible to prese- 
lect a direction of motion and choose a base station in that 
direction. Results show that in addition to an improvement in 
cell membership properties, there is a reduction in the num- 
ber of handovers as well in the handover delay. An exact solu- 
tion for the cost formulation in [36]  is developed using a 
Markov decision process [37]. The model involves only two 
base stations, assumes available channels, and neglects co- 
channel interference; thus, this work is mainly of theoretical 
interest. Furthermore, the conclusion that a threshold policy is 
optimal may be the result of an oversimplified model. 

An extension to the Global System for Mobile Communi- 
cations (GSM) [32] employs a variable hysteresis threshold 
which depends on a user’s mobility. In particular, user mobili- 
ty is estimated from the time spent in a cell. A three-level 
hierarchical cellular system is studied [38]. Each cell covers an 
area covered by seven cells at the next lower level. Users 
should be assigned to an appropriate level according to an 
estimate of their speed based on the cell dwell times. Four 
strategies are compared: 

Move to a bigger cell if the user 
does not spend enough time in 
the current cell 

*Do this, but also move to  a 
smaller cell if the user stays 
there too long 

*Estimate speed using a maxi- 
mum likelihood estimator 

Estimate speed using a mini- 
mum mean square estimator. 

The number of handovers is the  
performance metric. The latter two 

altematives yield essentially the same results. At high loads all 
are essentially the same; at low loads the latter strategies out- 
perform the earlier ones. 

MULTITIER CONTROL 
The criteria for handover in a macrocellular and microcellular 
environment may differ. There are two common methods 
employed to control handover in a multitier environment. 
Handover measurements are averaged over a fixed time inter- 
val to remove short-term variations. The averaged handover 
measurement of a candidate cell must exceed the current cell 
by at  least a fixed hysteresis level. I t  is suggested that, in 
macrocellular systems with relatively gentle pathloss charac- 
teristics, the averaging interval should be large enough to 
remove the variations due to fading [39]. A large hysteresis 
value is never desirable because it increases delay in cases of 
moderate fading. For microcellular systems a long averaging 
interval is not desirable due to the sudden path loss that 
results from the corner effect; the hysteresis should be chosen 
high enough to avoid being fooled by the fading characteris- 
tics. In a combined micro- and macrocellular system both cri- 
teria should be used. The first one to detect a handover will 
depend on the particular propagation environment. 

Another technique for handover between microcells and 
macrocells has reportedly been adopted for GSM Phase 2 
[40]. To encourage stationary users to enter the microcell 
there is a permanent positive offset on the received signal 
h e 1  from the microcell. To keep fast-moving users out of the 
microcells, a user is discouraged from choosing a microcell 
immediately, via a received signal level offset for a penalty 
time period. Supercells are designed to provide coverage in 
rural areas. In an analogous way, a large negative offset is 
used to keep users out of the supercells whenever possible. 

Other related work includes a high-level statement of 
handover between satellite and terrestrial networks [41]. The 
scheme involves explicit user registration with the terrestrial 
network. A handover from a satellite to a terrestrial system is 
mobile-controlled; a handover from a terrestrial system to a 
satellite is mobile-assisted. Design issues associated with plac- 
ing isolated microcells on top of macrocells are discussed in 
[42]. Various techniques to locate a user can be used in the 
decision of how many channels to assign to a particular micro- 
cell and whether or not to hand a mobile terminal over to a 
microcell. Paging and location updating procedures may use 
either or both of the layers; the author’s formulation favors 
microcellular location updating. A high-level cost formulation 
is presented for both a microcellular and a macrocellular sys- 
tem that includes base station, transmission line, and network 
costs [43]. Minimizing the total cost yields an optimum cell 
size that depends on the number of subscribers. 

INTEGRATED SYSTEMS 
This subsection summarizes published work that attempts to 
cover a geographic area with two dissimilar systems, where 
one deploys macrocells and the other microcells. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The frequency division multiple access 
(FDMA), time division multiple access (TDMA), 
and code division multiple access (CDMA) tech- 
niques can be combined in various ways. A sys- 
tem such as GSM is a combined TDMA/FDMA 
system. The Joint Technical Committee on Wire- 
less Access (JTC) has proposed a system with 
combined TDMA and CDMA [44]. 

One major motivation for macrocell/microcell 
overlays is increased capacity without increased 
handover rates. A system with CDMA in both 
the macrocells and microcells using the same 
radio frequency (RF) spectrum [45] overcomes 
interference from the higher tier by forcing users 
in the microcell to transmit at a higher power 
than that necessary to overcome the propagation 

Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAComparison of modeling assumptions. 

loss. The end result is that the celis a reno t  overlaid; the 
microcell punches a hole in the macrocell. Thus, no reduction 
in the rate of handover is possible. 

The four possible macrocell/microcell overlay schemes 
were enumerated in [46]: 

CDMA in macrocells with TDMA in microcells 
TDMA in macrocells with CDMA in microcells 
TDMA timeslot sharing between macrocells and micro- 
cells 
Orthogonal splitting of frequency channels. 
A radio link performance study of these systems showed 

that, even under optimistic assumptions, the system capacity 
of the macrocellular and microcellular systems is jointly maxi- 
mized by the orthogonal sharing approach [46]. This works for 
both CDMA and TDMA at the cost of a reduction in trunk- 
ing efficiency. It is better suited to TDMA due to the reduced 
bandwidth requirement [45]. 

The capacity of a broadband CDMA (B-CDMA) system 
overlay of GSM was studied when carefully placed notch fil- 
ters remove the nine strongest GSM interferences at the B- 
CDMA base station [47]. A threefold increase in total system 
capacity is reported. Interestingly enough, a significant capaci- 
ty increase can be achieved without the filters. These results 
need to be compared carefully with those reported elsewhere 
[46]. There are two factors that may have contributed to this 
difference in results: reducing the TDMA-to-CDMA channel- 
to-interference ratio (CIR) requirements from 6 dB to 4.5 dB, 
and allowing the TDMA system to be sectorized. 

A qualitative comparison of a CDMA system, a 
TDMA/FDMA system, and a proposed TDMA/CDMA [48] 
argues that TDMA/CDMA has higher capacity than 
TDMA/FDMA only when suitable interference suppression 
techniques are employed. The intracell TDMA capability per- 
mits variable capacity assignment possible in CDMA only via 
variable spreading gain and multicode techniques [49, SO]. 

Time-slot alignment between two dissimilar systems is con- 
sidered [51] as a potential bottleneck for effective intersystem 
handover for a TDMA orthogonal overlay. The performance 
of the GSM traffic channel in a GSM-to-Digital European 
Cordless Telecommunication (DECT) and a GSM-to-wireless 
access communications system (WACS) handover is consid- 
ered for both full-rate and half-rate DECT and WACS sys- 
tems. For DECT a slight modification (shortening) of the 
frame length would greatly improve interoperability. For 
WACS, whose radio link was standardized in [9], the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAms 
frame is shown to be preferable to the 2.5 ms variety. 

TELETRAFFIC 
The teletraffic implications of handover for a cellular system 
in steady state are modeled using a birth-death process [52]. 
Key performance metrics include new call blocking, handover 

failure, forced termination probability, and carried traffic. The 
model claims to include handover of multiple calls on the 
same platform (e.g., a bus or train). Although not stated, this 
methodology may be applicable to the study of GSM multi- 
bearer handover, defined in Section 9.1.15 of GSM [53], as 
well as the multicode and multirate variants of IS-95 CDMA 
[49, SO]. 

The performance of a macrocell/microcell system is studied 
via simulation for three scenarios: macrocells only, macrocells 
with big microcells, and macrocells with small microcells. 
Small microcells are deployed on each corner, while big 
microcells cover several city blocks. The performance metrics 
are call blocking, handover blocking, call dropping probability, 
and the mean number of handovers per call. A 1 percent call 
blocking probability and a 0.2 percent call dropping probabili- 
ty (from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[SI) are used in this work. Results also consider the 
queuing of handover requests. It is suggested that priority for 
handover should be given to fast-moving mobiles [54]. 

A microcell/macrocell overlay is studied analytically [56]. 
New calls try to join the microcells first; if they are blocked, 
they attempt to access the macrocells. Macrocell users never 
hand over out of the macrocell layer; blocked microcell hand- 
overs attempt to access the macrocell. Given an assumed dis- 
tribution of the time spent in a microcell, and the assumption 
of equal treatment for handovers and new call requests, 
results report the probability that a call is not completed due 
to being either blocked or not handed over. Also assuming 
that new calls are allowed to access only the microcells, a 
Markov modulated Poisson process (MMPP) [57] model of 
the overflow traffic from the microcell layer to the macrocell 
layer is developed [58]; simulation verifies the analysis. The 
call blocking and dropping is derived for the macrocellular 
layer with the assumption that macrocells are large and 
macrocellular handovers never occur. Also included are 
Erlang-B results which understate blocking due to the fact 
that the overflow process is not Poisson. An overlay slightly 
increases call blocking but greatly decreases call dropping. 

A teletraffic analysis of a three-layer hierarchical system 
based on Markov chains is used to evaluate call blocking, call 
dropping, and channel utilization [59]. The three tiers are 
microcells, macrocells, and satellites. Mobiles can be either 
single- or dual-mode. Dual-mode mobiles can use both land 
and satellite networks. Calls are admitted only if they find a 
channel in their initial tier. Handovers are allowed to try high- 
er tiers if the initial attempt fails; they will return to the lower 
tier when possible, although not in the particular cell in which 
the original attempt failed. Numerical examples are given. A 
similar system is evaluated in which a user tries to access the 
lowest level first and then is allowed to retry in higher tiers 
[60]; during handover the call cannot be directed to a lower 
level. Analytic techniques based on overflow traffic modeling 
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are used to evaluate the blocking 
and forced termination probabili- 
ties. 

Table 2 compares the modeling 
work described above. A few cru- 
cial differences between the first 
and second approaches are not 
included in the table. Unlike the 
second approach, the first approach 
allows handovers between macro- 
cells. The first apptoach allows 
failed new call attempts in the 

rocell level to try again in the 
macrocell level. On the other hand, 
the second approach accounts for 
the non-Poisson nature of the handover overflow traffic and 
compares their results with the Erlang-B results; the first 
approach relies on Erlang-B. Of special interest is the fact 
that only the third approach allows users to hand over down 
to a lower tier. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

SUMMARY 
o meet the growing demand for highly mobile wireless zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT communication services, cellular system providers will con- 

tinue to deploy additional cell sites and introduce increasingly 
complex systems, for both the radio link and the network 
infrastructure. As more users are supported, the ever-growing 

ncerns regarding the limitations of switching and signaling 
rastructures have been met by a diverse suite of architec- 

tural and algorithmic methods. A prevalent underlying theme 
is the techniques used to control the handover of users as they 
move between shrinking cells, at greater speeds, and with 
stricter requirements on both the QoS delivered to the user 
aild the operational costs associated with a connection. Efforts 
to quantify the performance of particular approaches have 
become common within the literature and attempt to answer 
questions such as: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* Does a user get admitted? 
0 Does a call get prematurely terminated? 
* How many handovers are made, and are they necessary 

* How far into the coverage area of another cell does a 

What is the duration of service interruption during a han- 

to meet the QoS? 

user drift? 

dover? 
The decision to initiate a handover depends on a number 

of control variables. The measurement of received signal 
strength must be averaged over time to remove the rapid fluc- 
thations due to multipath propagation. Averaging windows 
vary in their shape and length. Beyond a certain point, where 
the received signal is too weak or is dangerously close to 
becoming too weak, a handover is required. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA threshold level 
may provide a trigger to commence a handover. Preventing a 
user from bouncing back and forth between two base stations 
is qnother key issue in handover algorithm design. Two 
approaches are the hysteresis margin and dwell t imer 
approaches. The former only allows a handover to a base sta- 
tion which is stronger than the current one by at least a fixed 
or time varying hysteresis margin. The latter restricts the mini- 
mum time between two handovers. 

Several canonical approaches for a handover criteria com- 
bine the elemental control variables. The kernel of each 
approach is the relative signal strength criterion which induces 
a handover to a base station whose signal strength is stronger 
than that of the current base station. This criterion may gen- 
erate an unnecessary handover when the current base is still 

strong enough. The relative signal 
strength with threshold approach 
allows a handover only if the cur- 
rent  base signal strength drops 
below the threshold level. Immedi- 
ately after a handover, a rapid 
change in received signal strengths 
may force a handover back to the 
original base station. This “ping- 
pong” may continue unti l the 
mobile moves sufficiently far into 
the coverage area of a new cell. 
Instead of a threshold level, relative 
signal strength with hysteresis 
allows a handover only if the new 

base is stronger than the current base by a hysteresis margin. 
While this approach reduces ping-pongs, it suffers from the 
initial unnecessary handover problem. An obvious solution is 
to combine the threshold level with the hysteresis margin to 
create a strategy called relative signal strength with hysteresis 
and threshold 

The application of the control variables within the basic 
canonical approaches has been studied in the literature only 
for cases involving two or three cells of the same size. From 
these studies it is possible to gain some fundamental insight 
into the behavior of the system. The classical performance 
methods trade the number of ping-pongs against the handover 
delay. These costs can be viewed as fixed network cost and 
radio link cost, respectively.’Results indicate that either 
increasing the hysteresis margin, increasing the length of the 
averaging window, decreasing the threshold level, or increas- 
ing the dwell timer will reduce the number of handovers and 
increase the handover delay. The sensitivity of the results to a 
particular control variable may depend on the others. 

A detailed understanding of the propagation environment 
is needed to motivate any comprehensive investigation into 
appropriate choices of these control parameters. While aver- 
aging zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan effectively remove rapid fluctuations due to fast fad- 
ing, it may delay the handover decision to the point where the 
user no longer has a satisfactory channel. Under LOS condi- 
tions, averaging is a valuable tool to avoid ping-pong han- 
dovers that result from an initial premature decision. For 
non-LOS conditions which occur when a user turns a corner, 
averaging is totally ineffective. In this case,, a little averaging 
combined with a hysteresis margin is needed to detect the 
sudden drop in signal strength. Thus, different propagation 
environments may require considerably different settings of 
the control variables to achieve the same performance require- 
ments. 

Combining macrocells and microcells further complicates 
the control of a handover. One study proposed combining two 
trigger mechanisms, one to work when the user is in the 
microcellular plane, the other when the user is in the macro- 
cellular plane. The combined approach allows the handover 
decision to be made without knowledge of the plane within 
which the user is communicating. The first trigger combines a 
small hysteresis margin with long averaging, and the second 
trigger combines a large hysteresis margin with a short averag- 
ing interval. The first trigger is tuned for the macrocellular 
plane, the second for the microcellular plane. Another com- 
bined macro-/microcell control scheme considers using hys- 
teresis offsets to favor a particular plane. A permanent 
positive offset favors handover to the microcellular plane for 
traffic reasons. A time-varying negative offset delays entry 
into the microcell plane until a user is present for a particular 
time interval. This prevents passing a fast user to the lower 
plane and causing excessive handovers as well as risking drop- 
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ping zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe call. This scheme is sup- 
ported within GSM Phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. 

Velocity-based assignment tech- 
niques are predicated on the intu- 
itive assumption that fast users 
should be placed in macrocells and 
slow users in macrocells. Microcells 
are needed to increase system 
capacity. An umbrella layer of 
macrocells reduces the handover 
rate as users cross quickly through 
the system coverage area. It is pos- 
tulated that velocity-based assign- 
ment achieves the goals of high 
capacity and low handover rate. 
Before the system can determine 
the speed of the user, it may need 
to assign it a radio channel to support its call setup request. 
Various authors have assumed the call begins in the microcel- 
lular plane; others have assumed the call should begin in the 
macrocellular plane; many have assumed macrocell-to-micro- 
cell handovers are not permitted. 

Heterogeneous multitiered systems include overlaying 
CDMA and TDMA systems using the same or different spec- 
trum in the macro/microcell arrangement. Overlaying a broad- 
band CDMA system over a TDMA system or a TDMA system 
over a CDMA system are possible options. A CDMA-over- 
CDMA system using the same spectrum is not possible due to 
the fact that the microcells "punch holes" in the coverage area 
of the macrocells; thus, a single-tier system results. Orthogo- 
nal overlays seem to work well, but orthogonal CDMA-over- 
CDMA overlays require considerable spectrum. 
TDMA-over-TDMA overlays have time slot and frame align- 
ment problems that limit the ability of the mobile to scan all 
time slots on the other tier's channel. Disjoint adjacent sys- 
tems pose further challenges due to the limitations of the 
radio technology within the mobile terminal. Reported work 
on the teletraffic implications of a macro-/microcell overlay is 
largely theoretical. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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