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1. Introduction

Registration in WCDMA and related systems has historically been based on mobility between statically defined tracking areas.  This practice has the virtue of simplicity but results in some well-known problems, especially related to load balancing.  For instance, a large body of users crossing from one tracking area to another together (as on a commuter train) gives rise to a correspondingly large local spike in uplink traffic due to registrations.

In addition, there are issues at the scale of individual UEs, such as “ping-pong” registrations when a UE is essentially stationary near a tracking area boundary.  These cases are intended to be infrequent and therefore not to present a large loading problem for the network, but certain service environments make it difficult to arrange the network to avoid them; in any case, those UEs that are affected by the problem experience drastically lowered battery life, and the affected users are unlikely to take much comfort from knowing that the network as a whole is able to absorb their problem.

At this writing, the working position in RAN2/3 is that there are two general approaches to ameliorating these problems, the “layered” and “distance-based” approaches.  In a layered-tracking-area scheme, each cell belongs to multiple tracking areas; at registration, a UE is assigned to one of the tracking areas of the serving cell, and it subsequently moves freely within that tracking area, registering again when it enters a cell that does not belong to the serving TA.  In the distance-based model, a tracking area consists of a distinguished central cell, and all the cells within some distance r of the central cell; when a UE registers, it is associated with the tracking area centred at the serving cell, and registers again when it enters a cell whose geographic distance from the central cell exceeds r.  In addition, variations on these schemes have been discussed, e.g., the “variable-distance” scheme of [4].  This document examines the performance of the two schemes, as compared to each other and to the “classic” single-tracking-area model, in representative service environments.
2. Discussion

2.1.  General Considerations
At the outset of analysis, it should be noted that the layered and distance-based schemes are not actually as different as they might appear.  Rather, distance-based registration represents the limiting case of layered tracking areas; in effect, it is a scheme with layered tracking areas, in which each cell belongs to as many different TAs as there are cells in a single TA.
  In any normal situation it would be an unreasonable burden for the network to signal this many tracking area IDs explicitly on the system information broadcast in the cells; signalling the registration distance instead acts as a shorthand, allowing the effects of a very large number of tracking areas per cell to be achieved without the same signalling overhead.

Accordingly, we should expect that, as compared to a single-layered static-TA registration policy, the layered and distance-based policies should show similar benefits and costs, with the behaviour of layered configurations approaching that of distance-based ones as the number of layers increases.
It is clear that the effects of a change in registration policy will depend greatly on the distribution and behaviour of the user population.  At one extreme, a UE that never travels far from “home” would never perform a distance-based registration (though it would presumably perform periodic registrations), but might sometimes cross a TA boundary, so this UE would clearly be better served by a distance-based policy.  At the other extreme, a UE whose mobility takes place only in long trips across many TAs will tend to perform more registrations under a distance-based policy—the exact factor depends on the shape of the static TAs, but in general the registration distance needs to be less than the diameter of a static tracking area for the resulting areas to have the same size (Figure 1).
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Figure 1: Straight-line mobility in different registration regimes
To judge from Figure 1, it appears that switching from static tracking areas to distance-based registration will cause a general increase in registration traffic (in this case, by a factor of
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).  In fact, the figure is artificially favourable to the static-TA scheme, in that the mobile takes a direct route across the breadth of each tracking area, with no erratic wanderings or brief “visits” to the corners of nearby TAs that would give rise to additional registrations.  Avoiding such “extra” registrations is one of the major strengths of distance-based registration.

Not shown in Figure 1 is the case of multiple layers.  This is for two reasons; first, it is difficult to draw overlapping TAs intelligibly, and more importantly, the registration behaviour of the UE depends significantly on the convention used to select which of the several available TAs it registers in.  Figure 2 shows the effect of two different conventions in an environment in which tracking areas overlap in two layers (red and blue).
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Figure 2: Different TA assignment practices
The first UE in the figure is shown always registering in the tracking area where it is closest to the centre; the second always registers in the TA that it entered most recently.  In this case, because of the straight-line mobility, the second scheme causes fewer registrations; however, it leaves the UE spending much of its time near the edges of TAs, so that any deviation from the artificial straight-line path risks creating spurious registrations.  (In fact, for this simplified example, the two TA assignment conventions essentially reproduce the behaviour of distance-based and single-layer registration, respectively; however, this is an effect of the artificial mobility pattern and becomes weaker as the UE’s movement becomes less constrained.)
In addition to minimising registrations due to highly local variations in mobility or RF fluctuations, distance-based registration eliminates problems with constant registration from mobiles that are essentially stationary near a tracking-area boundary.  At the systemic scale, these problems are not supposed to be major—if they are, the tracking areas are badly configured; however, for mobiles unfortunate enough to be the victims of this ostensibly minor problem, the cost in battery life is quite significant.  Moreover, the alignment of tracking areas to prevent this problem from occurring on a larger scale causes an otherwise unnecessary level of complexity in network planning.
The extent to which layered tracking areas can prevent the same problem depends (once again) on the process for choosing which TA a UE should register in.  For instance, the second UE in Figure 2, if it wandered from its straight-line route near the point marked “R(3)”, could oscillate between TAs 1 and 3; if it registered in TA 2, the loop would be broken.
There does not seem to be a simple optimal solution for choosing which of several overlapping tracking areas a UE should register in; indeed, it is not even obvious whether the UE or the network is better equipped to make the decision.  The matter requires further study; for purposes of this document, we have relied on ad-hoc approaches (such as choosing a tracking area at random from the list of available ones), while attempting to bear in mind how results might be affected by a different convention.
2.2.  Model Scenarios

This section investigates the behaviour of different registration regimes under two models that represent different assumptions about the network geometry and user population.  Both are broadly realistic, albeit in (very) different real-world environments; we characterise them as the “Los Angeles” and “London” models.

1.1.1.  Model 1: “Los Angeles”
In the “Los Angeles” scenario, mobility is dominated by long trips over highly restricted routes between separated dense areas.  Here a “long” trip means “larger than the diameter of a tracking area”, so that each trip involves at least one registration.  Figure 3 shows a simplified map of this sort of area, with three (unlayered) TAs connected through a bottleneck in an “islands and freeways” architecture.  For this illustration, TA 1 is a residential area, the other two commercial, so that the major source of mobility between TAs is commuter traffic spreading out from TA 1 into TAs 2 and 3 (or returning home via the reverse routes).  Other user mobility is presumed to take place within a TA (no one goes home for lunch), so registration traffic from mobility other than the long commuter trips is negligible.
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Figure 3: Los Angeles: islands connected by freeways, with commuter routes
Each commute crosses a TA boundary and so gives rise to a registration. Indeed, because of an asymmetry at the central bottleneck, any route from TA 1 to TA 2 passes briefly through TA 3 and so causes two registrations; this is obviously a weakness of the network design, but not an implausible one in an environment of highly restricted routes (the freeway interchange has to be part of some TA).  Note that all registrations take place in the group of  three cells in which each TA meets the common bottleneck.
In this situation, it is clear that switching to distance-based registration will spread out the load peaks from these central cells.  There will still be a tendency for UEs to register somewhere close to the central bottleneck, but since the UEs start in different positions within TA 1, they reach the registration distance at different stages along their routes.  On the other hand, it should be expected that the amount of registration traffic could increase; this long-distance mobility is fairly similar to the situation illustrated in Figure 1, with UEs crossing large spans of static tracking areas—but to the extent that a UE makes brief “visits” to certain TAs, rather than traversing them in their entirety, some registrations can be avoided, partially (or, as Section 3 will show, almost entirely) compensating for the increased traffic.

Figure 4 illustrates the mobility of a small population of UEs in the “Los Angeles” model, with registration taking place whenever a UE travels four cell diameters from its last registered cell.  (The numbers shown are UE identifiers; a phone with an R represents a registration.)
Of course, this example is unrealistically small, for convenience of illustration; in particular, real tracking areas would be significantly larger, which serves to spread out registrations further (since the distances travelled by UEs that start within the same tracking area vary in approximate proportion to the size of the TA).
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Figure 4: Mobility in Los Angeles (distance-based registration)
Each of the five UEs starts in TA 1 (upper left) and moves into the bottleneck, and from there into one of the two other tracking areas.  Because the UEs start at different locations within TA 1, they encounter their distance threshold at different stages, and the corresponding  registrations occur in different cells scattered around the  bottleneck, rather than being entirely concentrated in the cells at the TA boundaries.  In addition, the two phones travelling to TA 2 are not forced to double-register by their brief dalliance with TA 3.  On the other hand, two phones (numbers 2 and 3) with unusually long commutes do experience a second registration at the end of their trips, for a total of seven registrations.
The same UE behaviour with (unlayered) TA-based registration would again result in seven registrations; five would occur in the “central” cell at the bottleneck (the same cell showing three registrations in Figure 4), the other two in the cell to its upper right (as UEs 2 and 4 cross into TA 2).  The difference in the concentration of uplink traffic is evident even in this “toy” example.

It is not entirely clear how to assign overlapping TAs to this geographical model.  One possibility would be to add a second-layer TA around the freeway bottleneck, to minimise the double registrations of UEs passing through TA 3.  Figure 5 shows the result.
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Figure 5: Los Angeles with layered tracking areas
By some measures, this is a reasonably successful registration regime; the double registrations are eliminated, and while some of them are replaced by new registrations in other cells (e.g., the last registration of UE 2, in the upper right), the new registrations are fairly broadly distributed around the service area.  However, the total registration traffic is even higher than with the distance-based approach (nine registrations), and the cluster of five registrations in the central cell is still present just as it would be without the second-layer TA 4, since all UEs are entering this cell as they leave TA 1 and are forced to register.  (All five UEs are assumed to register in TA 4 rather than TA 3 at this point.)
1.1.2.  Model 2: “London”
In the “London” model, mobility consists of short (comparable to a TA diameter) trips, distributed within a large area containing multiple TAs, in which the density of users is roughly homogeneous.  Much of this mobility will take place within a single tracking area and cause no registrations; however, because of the size of the area, it is inevitable that a proportion of these locally-mobile users will be near a TA boundary.  Figure 6 shows a map of tracking areas, together with mobility tracks for two hypothetical users, with registrations shown for an unlayered tracking-area-based registration regime.
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Figure 6: Tracking areas and mobility in London (TA-based registration)
The equivalent picture for distance-based registration is not shown, for the simple reason that it would include no registrations.  The two registrations needed in the figure are something of an accident; UE 2 has the poor luck to be situated near the boundary between TAs 1 and 2, and a very small amount of mobility results in two registrations to put the UE virtually back where it started.  If the user population were characterised by distinct clusters, such registrations could be avoided by better network planning, but in a large environment with a homogeneous user population, the tracking area boundaries have to be somewhere, and will inevitably give rise to these “accidental” registrations.
In this (artificial) example, the load on the system is actually reduced by switching to distance-based registration.  Whether such a reduction can be expected in reality depends on the behaviour of real user populations.  A mobile that “lives” within the area and never moves further than the registration distance (the user lives near work and shops, and never goes on vacation) will only perform periodic registrations; a “commuter” mobile that comes into the city in the morning, moves around in a small area during the day, and leaves again in the evening will register twice, rather than gratuitously registering every time it crosses a TA boundary within the city.  These phenomena suggest at least the possibility of a decrease in registrations.  In addition, as in the Los Angeles model, a distance-based registration policy will spread out the rush-hour activity peaks from commuter mobiles.

The possibilities for layered-TA schemes in the London model are quite variable.  Because of the homogeneity of the service area, it seems plausible that layers of TAs might be assigned uniformly “out of phase” with one another (the red and blue layers in Figure 2 provide a one-dimensional example of this idea).  The larger the number of layers, the better the chance that any given UE can be placed in a TA where it is close to the centre—assuming that the convention for placing UEs in TAs was sensitive to the need for such placement.

2.3. Implementation Issues: Paging and Topology
Under a regime of tracking-area-based registration, the location of an idle UE is clearly (if somewhat imprecisely) known: It is somewhere within the TA in which it last registered.  This principle still holds for distance-based registration, except that “the TA in which it last registered” is replaced by “all cells within a certain distance of the cell in which it last registered”; this set of cells functions as a kind of virtual tracking area.

This arrangement does not affect the aggregate paging load as compared to a static TA-based regime, assuming that the number of cells per tracking area is approximately the same.  It does change the distribution of paging traffic; in cases where all TAs carry approximately equal paging loads, the changes in paging distribution will balance one another, but in the case that one (static) TA has an unusually high paging load, either layered tracking areas or distance-based registration should offer some reduction in that load on a per-cell basis.
In general, in either a static or distance-based regime, the choice of tracking-area size (resp. registration distance) involves a tradeoff between limiting registration traffic (large TAs) and limiting paging traffic (small TAs).  From the perspective of network planning, a layered approach reduces, and a distance-based approach removes entirely, the additional constraints introduced by the requirement to avoid inconvenient placement of TA boundaries.

To implement a distance-based registration scheme, the network needs to maintain a database containing the distance-based tracking area for each cell, for use in paging.  This database is static and only needs to be built once (barring general changes in network geometry, which of course would require various other network-planning adjustments as well).

In addition, each cell needs to inform the UE of its distance from other cells in the network.  The most efficient way to do this is for the cell to broadcast its own latitude and longitude.  This information, if aggregated across cells, would provide a geographic map of the entire network, which might not be desirable.  However, since the registration arrangements depend only on relative distances, there is no reason why the cell locations need to be accurate; they only need to be accurate relative to each other.  Indeed they could be entirely fictitious; for example, an operator could (without impact on specifications) report fictitious cell locations that showed the distance between any two cells to be (for instance) half of the true geographic distance, and adjust the registration distance to compensate.  In general, any number of fictitious network topologies can be imagined and used for the registration process, without harm to the operation of the system or impact on specifications.
3. Simulations

This section presents the results of some simulations.  The underlying models are based on the “Los Angeles” and “London” models described above.  In each case, each of a population of 10000 UEs was assigned a “home” and “work” location, and moved from home to work and then back, while keeping track of both tracking-area-based (with various numbers of layers) and distance-based registrations.  Each model was run in both a “purposeful” and “irresolute” version; purposeful users travel in a straight line from point to point, whereas irresolute ones tend to take the same route, but at each step along it have a chance (in these cases a 20% chance) of taking a step in a random direction.
For the “London” scenarios, the placement of home and work is entirely random for each UE in the population, with no restrictions on routes between the two.  In the “Los Angeles” scenarios, the “home” and “work” locations are always placed at near-maximal distance from one another, and there are two “bottleneck” points which UEs are required to approach in the course of their trips; each UE proceeds from home to a bottleneck, then on to work, and returns by travelling from work to the bottleneck and then to home.  (Each UE chooses the bottleneck that minimises the total distance of the trip.)

For all scenarios, the “world” is a hexagonal lattice of cells on the surface of a torus (to prevent edge effects), 72 cells by 48, with tracking areas consisting of 12x12 “rectangles”.  (A 36x24-cell version of this arrangement, with one layer of tracking areas, is shown in Figure 7, overleaf; the full-sized version is visually useless at a size that fits on a page.)  The length of a UE “step” is 1/5 the diameter of a cell.
These assumptions are not entirely unrealistic, as it turns out.  If the diameter of a cell is assumed to be 1 km—not unreasonable for urban environments—then the average “commute distance” in Los Angeles should be approximately 25 km, and that in London approximately 12 km; these values compare extremely well with the reported real-world values of 24 km ([2]) and 11.5 km ([3]), respectively.

Radio conditions are not modelled in any of these scenarios; the geographically-nearest cell is assumed to be the one serving the UE at all times.

[image: image8.emf]
Figure 7: It’s a small toroidal world (colours represent static tracking areas)
For layered-tracking-area simulations, the additional layers are evenly spaced on both the vertical and horizontal axes; the two-layer case is illustrated (on a still smaller torus) in Figure 8.
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Figure 8: Layering of tracking areas

For simulation purposes, when a UE has several TAs available for registration, we assign it to one at random.  This is probably not realistic; as noted above, there are many different possible schemes, with strengths and weaknesses appropriate to various combinations of service-area geography and user mobility.  The random-assignment approach is intended to average out the variations between these possible methods, so that the simulation is not bound to the idiosyncrasies of any particular “reasonable” system of TA assignment.
3.1. Results: London

The results from several simulations with different parameters in the London scenario are shown in Table 1.  As expected, the total registration traffic increases with the number of layers of tracking areas; however, the increase across the spectrum, from single-layer static TAs to distance-based registration, is smaller than the naïve expectation of a factor of 
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.  In particular, the “irresolute” scenario (with users taking random steps during their trips) actually shows a modest decrease in total registration traffic between 1 and 2 layers.  This decrease gradually erodes as the number of layers increases, with distance-based registration showing approximately a 17.5% increase in registration traffic over the single-layer case.  Thus, a 2-layer scheme is already rather effective, and arrangements with more layers and the limiting distance-based case are extremely effective, at eliminating most of the spurious registrations from irregular mobility taking users for brief “visits” across TA boundaries.
More dramatic is the change in distribution of registrations across cells.  The rightmost columns of Table 1 show the maximum number of registrations handled by any one cell (essentially a measure of the burden for which the eNode B needs to be dimensioned) and standard deviation in the distribution of percentage of registrations in cells (there are 3456 cells, so the mean is approximately 0.029).  These values decrease steadily as the number of layers increases; with 6 layers of TAs, the worst-case peaks have apparently stabilised, but there is still more variation among cells than in the distance-based case.
	Model
	Total registrations
	Max. registrations in one cell
	Standard deviation of distribution

	Static TAs, 1 layer

	Purposeful
	63279
	140
	0.049

	Irresolute
	79986
	171
	0.049

	Static TAs, 2 layers

	Purposeful
	62534
	92
	0.031

	Irresolute
	66670
	111
	0.032

	Static TAs, 6 layers

	Purposeful
	71294
	45
	0.009

	Irresolute
	74011
	46
	0.010

	Distance-based (equiv. static TAs, 144 layers)

	Purposeful
	95874
	50
	0.006

	Irresolute
	95637
	48
	0.006


Table 1: Results from London
In all statistics, the difference between the “purposeful” and “irresolute” cases is much reduced by layering, and essentially vanishes under distance-based registration.  This result is as expected; with a high number of layers, a UE stands an increased chance, irrespective of its location, of being close to the centre of a TA, where small variations in mobility patters will not cause extra registrations.

Graphs of the distribution of registrations are shown in Annex A.

3.2. Results: Los Angeles
The results from a similar range of simulations using the Los Angeles model are shown in Table 2.  The results are generally consistent with those from the London model; in general, an increase in the number of layers causes increased total registration traffic but a more even distribution of registrations across cells, with significantly lower per-cell peaks as the number of layers increases.
However, the existence of the freeway bottlenecks changes the results significantly.  Regardless of the choice of registration scheme, there are clusters of registrations around the bottlenecks, because of the convergence of routes around those points.  Accordingly, the distribution of registrations across cells never becomes very even, and cells near the bottlenecks will always have to support high levels of registration traffic.  In general, all the beneficial effects are less pronounced than in the London model, suggesting that bad urban planning is a more powerful force than good network planning.
	Model
	Total registrations
	Max. registrations in one cell
	Standard deviation of distribution

	Static TAs, 1 layer

	Purposeful
	109904
	5103
	0.203

	Irresolute
	134288
	5815
	0.178

	Static TAs, 2 layers

	Purposeful
	118958
	4340
	0.169

	Irresolute
	134134
	4906
	0.139

	Static TAs, 6 layers

	Purposeful
	130638
	2902
	0.123

	Irresolute
	134289
	1825
	0.101

	Distance-based (equiv. static TAs, 144 layers)

	Purposeful
	170893
	2534
	0.094

	Irresolute
	182776
	2442
	0.077


Table 2: Results from Los Angeles
The very low peak-registrations number in the 6-layer irresolute case is an interesting anomaly.  It should be noted, however, that the Los Angeles model is somewhat prone to statistical fluctuations connected to the placement of the freeway bottlenecks in any particular run; in this case, based on an inspection of the graph of the distribution (Annex A, section 4, graph 3; the peak is at cell 921), it appears that the peak corresponding to one of the bottlenecks was spread out into a cluster of several peaks of similar height in geographically nearby cells.
As the standard deviations suggest, and the graphs in Annex A confirm, the problem of uneven distribution of registrations that the distance-based regime attempts to address is very much worse in Los Angeles than in London.  The problem is the freeway bottlenecks; as users converge on these two locations, they all tend to cross TA boundaries in the same few cells.  This effect is visible in the pronounced dual peaks (one peak for each bottleneck) that persist, though much lowered and spread out, in the distance-based graphs.  (In an earlier single-layer run of the simulator, a bottleneck happened to be placed on a tracking-area boundary—hopefully an unrealistic piece of network planning—with the result that the cell containing it carried more than 6% of all static-TA-based registrations in the system.)

The change from “purposeful” to “irresolute” modes is more significant here than in the London model, and has a strange and seemingly contradictory pair of effects: By switching the users to irresolute movement, we cause a rise in total registration traffic and (apart from the 6-layer anomaly) in the maximum number of registrations per cell, but a decrease in the standard deviation.  To understand this effect, we must notice that the increase in maximum registrations is sublinear as compared to the total registration traffic; for instance, in the 1-layer case above, the total registrations increase by a factor of approximately 1.22, but the maximum peak only by a factor of approximately 1.14.  The “missing” registrations are spread out to other cells around the peak, causing a drop in the standard deviation.
3.3. Tracking Area Sizes

Although the effectiveness of a registration scheme might be judged on any of several criteria, the most natural one is the “flatness” of the distribution of registrations across cells, as captured by the standard deviation.  By this measure, the results of sections 3.1 and 3.2 indicate that a service area with six layers of TAs achieves results only slightly inferior to distance-based registration.
However, the TA size in these simulations was only 12x12 cells; geometrically, layering six evenly staggered lattices of 12x12 areas achieves quite dense coverage, meaning that a UE at any location is already fairly close to the centre of some TA.  In other words, with 12x12 tracking areas, a 6-layered scheme is a rather good geometric approximation of distance-based registration, and it is not surprising that its results should be comparable.
If the size of a tracking area is increased, for instance to 24x24, the performance of a 6-layer arrangement is more clearly inferior to the distance-based approach.  Table 3 shows the standard deviation of the distribution of registrations for the various simulation parameters discussed, with tracking areas of 24x24 cells.
	
	Purposeful
	Irresolute

	
	6 layers
	Distance-based
	6 layers
	Distance-based

	London
	0.024
	0.009
	0.025
	0.009

	Los Angeles
	0.154
	0.090
	0.109
	0.077


Table 3: Standard deviations with larger tracking areas
Graphing the standard deviation against the number of layers, for different tracking area sizes, further illuminates this distinction.  The graph in Figure 9 shows the relation in the Los Angeles model (with purposeful users).
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Figure 9: The effect of larger tracking areas
In general, larger tracking areas naturally increase the unevenness of the distribution, since fewer cells are positioned on tracking-area boundaries.  This effect becomes somewhat less pronounced as the number of layers increases, but does not disappear except in the case of distance-based registration (it seems likely that it would eventually disappear if the number of layers were increased still further, but even 12 layers seems to be an unrealistically large number).
4. Conclusions
It is clear that proceeding towards arrangements in which cells are associated with multiple tracking areas is productive.  In comparing the layered-TA and distance-based registration regimes, we are led to the following general conclusions:
· The performance of the two arrangements varies greatly with different assumptions about service environment and user behaviour;

· In a variety of settings, distance-based registration offers strong performance advantages over static schemes with a small number of layers; i.e. the number of layers needed for a static scheme to perform comparably to distance-based registration is large.
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Annex A: Graphs

This appendix consists of graphs showing the distribution of registrations across cells in the simulations described above.  Note that the graphs are not at the same scale; the emphasis should be on the different distributions rather than the absolute numerology.
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� This description assumes that the registration distance r is constant across cells and the number of cells in a tracking area is a constant.  These assumptions are not necessarily universally true—indeed, in real networks they would be unlikely—but they are convenient simplifications for general discussion.
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[image: image32.emf]TA-based registration, 1 layer

(σ=0.049)
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[image: image33.emf]TA-based registration, 2 layers 

(σ=0.032)
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[image: image34.emf]TA-based registration, 6 layers 

(σ=0.010)
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[image: image35.emf]Distance-based registration

(σ=0.006)
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[image: image36.emf]TA-based registration, 1 layer

(σ=0.203)
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[image: image37.emf]TA-based registration, 2 layers 

(σ=0.169)
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[image: image38.emf]TA-based registration, 6 layers

(σ=0.123)
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[image: image39.emf]Distance-based registration

(σ=0.094)
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[image: image40.emf]TA-based registration, 1 layer

(σ=0.178)
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[image: image41.emf]TA-based registration, 2 layers

(σ=0.139)
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[image: image42.emf]TA-based registration, 6 layers

(σ=0.101)
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[image: image43.emf]Distance-based registration

(σ=0.077)
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