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1. Introduction

In recent discussions, RAN2 have begun investigating the possibility of transmitting some of the system information in LTE as SFN data—i.e., transmitting bit-identical content across a group of synchronised cells.  The advantages of SFN transmission are well understood (see e.g. [1]) and make it desirable that as much of the system information as possible should be transmitted in an SFN format.  With some information (e.g., PLMN ID) this arrangement is easy to achieve; with some (e.g., Cell ID) it is evidently impossible.

The bulk of the system information, however, falls in an intermediate realm: It may be in some sense “locally consistent”, with groups of cells sharing the same settings, but with variation in certain individual cells or from one geographic region to another.  For instance, the cells in a large urban area might all use the same selection and reselection parameters, with the values changing at the edge of the city to something more appropriate to the larger cells of a more sparsely populated environment.  The purpose of this document is to examine the potential benefits of SFN transmission in a local area for such parameters.

2. Analysis

2.1. Generalities

In general, the approach of this paper can be summarised as follows:

· Transmit some portion of the system information as an SFN transmission on a localised group of cells;

· Increase the data rate to take advantage of the resulting gains in SNR.

The ultimate goal is to reduce the radio-resource demands of the BCH (both primary and secondary) as much as possible.

There is some tension in this approach between the desire to make BCH data common over as many cells as possible (since a large SFN group is more efficient) and the need to preserve deployment flexibility by allowing independent system parameters on different cells.  To some extent the resolution of this issue will always remain a deployment decision; however, this paper attempts to clarify what the constraints are by examining the performance of local SFN transmissions in groups of various sizes.

It should be noted, too, that if the gains in data rate are large enough, it could be possible to transmit redundant data on some cells simply to make SFN transmission possible.  That is, if doubling the size of a message makes it possible to triple the effective data rate, the net result is a 33% reduction in radio resource consumption, even though the message itself is nominally larger.  In cases where the SFN benefits are large enough, such advantages in data rate could offer a way out of the conundrum described above.
2.2. BCH Numerology

Strictly in terms of interference generated within the serving system, the worst-case radio environment for broadcast transmissions like the BCH is easy to analyse.  In a hexagonal lattice of cells, the worst situation for BCH coverage is a UE in a corner of the serving cell (Figure 1).
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Figure 1: The worst case for broadcast coverage

If we consider only the cells shown, the UE sees the BCH from the serving cell and interference from the other two cells; assuming all signals have the same strength, the resulting C/I ratio (neglecting other sources of interference) is -3 dB.  The contribution of other cells depends on the propagation assumptions; in an idealised RF environment (α=2), they bring the C/I slightly below -6 dB, while with a more realistic model (α=3.5), the C/I is approximately -4 dB.

Of course even the “more realistic” model is unrealistic; for example, we are neglecting other sources of interference, and the interfering cells might at least sometimes be expected to transmit other channels at lower power than the BCH.  However, these concerns are for the most part independent of the question of unicast vs. SFN transmission.
The relationship between SNR, modulation scheme, and data rate is well understood (Figure 2).  At a low SNR, choice of modulation scheme is not important; at -6 dB (used as a target value for the BCH in UMTS), all schemes yield approximately 0.3 bps/Hz (before coding).
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Figure 2: Effect of SNR on data rate for various modulation schemes (theoretical capacity)

The SNR effects of SFN transmission can be dramatic; in a cell whose immediate neighbours are all participating in the SFN transmission, the SNR may be limited only by thermal noise, leading to extremely high SNRs—e.g., some cases examined in [1] had SNRs exceeding 20 dB.  Although the data rates achievable with most modulation schemes reach plateaux significantly below such extremes of SNR, the benefits of SFN are still very large in practice.

However, the data rate on the BCH is limited not by performance in the interior of the SFN area, but by coverage requirements; therefore we need to consider the situation for a UE on the boundary.

2.3. Boundary Concerns
Evidently, where system information can be sent in an SFN transmission, the conservation of radio resources can be very large in the interior of the SFN area.  The difficulty, however, is that interference from neighbouring cells is still present for a UE at the on the boundary of the SFN area.  The worst case is a UE at the corner of a cell on the boundary; this situation is similar to Figure 1, but with some of the cells acting as part of the SFN transmission rather than as interference sources.  A UE on the edge of the SFN area Figure 3, left) sees a (theoretical) SNR of approximately -2.8 dB, while one in the corner of the area (Figure 3, right) sees approximately -3.6 dB (using the “realistic” model described above, with α=3.5).
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Figure 3: UEs in the edge and corner of SFN areas

In the roughly-modelled worst case, then, SFN transmission offers a rather uninspiring 0.4 dB for the UE in the corner, and 1.2 dB for the UE on the edge, neglecting diversity gain.  (The diversity gain from SFN transmission has been estimated at 2-3 dB, but the “corner” UE of Figure 3 is in a particularly bad position for diversity from within the SFN area, and therefore might be expected to see a lower benefit than other UEs would.)
However, even the worst-case situation may not be as bad as it appears if a very small diversity gain is considered.  If the “corner” UE benefits from diversity enough to bring its SNR to -3 dB—that is, a very conservative 0.6 dB of diversity gain—this represents a 1 dB advantage over single-cell transmission.  Per Figure 2, if this 1 dB is interpreted to allow a -5 dB real-world target SNR (vs. the -6 dB assumed for the single-cell case), the change in data rate is a fairly significant jump to approximately 0.35-0.4 bps/Hz—a 16% to 33% improvement.
In any case, the objective of the BCH is not necessarily to reach the worst-case UE with high reliability, but to achieve appropriate coverage levels; the current (tentative) working assumptions target 98% coverage, and so the appropriate question to ask is: In an SFN transmission, what SNR can be achieved with 98% coverage, as compared to a single-cell transmission?

2.4. Coverage

The question of cell-area coverage in an SFN transmission is slightly problematic, because in effect the entire SFN area behaves as one large cell.  Cells in the interior should deliver very high SNRs over their entire area, while cells on the boundary will see the SNR decline near their “outside” edges.  For this analysis, coverage is expressed in terms of the entire transmission area rather than individual cells (though of course, e.g., 98% coverage across the transmission area implies 98% coverage in each cell on average).
All other things being equal, larger transmission areas will experience better coverage, simply because their interiors represent a larger fraction of their area.  To quantify this observation, we consider SFN areas of 2x2, 4x4, 6x6, and 10x10 cells, in addition to the single-cell case (Figure 4).
[image: image4.emf]Single cell 2x2 4x4

. . .


Figure 4: SFN transmission areas of increasing size
For each of these cases, and using the same assumptions as in Section 2.2 (no extra-system interference, no diversity gain, α=3.5), Figure 5 shows the relationship between C/I values and the corresponding coverage levels.
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Figure 5: Coverage vs. C/I in SFN areas

Again, because of simplifying assumptions, the absolute values shown here are not very meaningful; the important thing is the relationship between the curves for different transmission areas.  In particular, the effective benefit of one transmission area over another can be read off from the graph, as the horizontal distance between the points where the two curves cross the 98% threshold. 

Even the smallest SFN transmission area of 4 cells has an obvious substantial advantage over the single-cell case; the gain is approximately 1.5 dB.  Assuming that the single-cell case would be able to transmit at the data rate corresponding to a limiting SNR of -6 dB, a 2x2 SFN transmission could then instead target -4.5 dB, which per Figure 2 would allow it to achieve approximately 0.4 bps/Hz.  Table 1 shows the equivalent values for the other scenarios.
	Transmission area
	Gain at 98% coverage

(dB, vs. single cell case)
	Target SNR

(dB)
	Data rate

(bps/Hz, before coding)

	Single cell
	-
	-6
	0.3

	2x2
	+1.5
	-4.5
	0.4

	4x4
	+2.5
	-3.5
	0.6

	6x6
	+3.5
	-2.5
	0.7

	10x10
	+4.5
	-1.5
	0.8


Table 1: BCH data rates for SFN transmissions

It should be borne in mind that Table 1 is actually biased towards the single-cell case by perhaps 2-3 dB, due to the omission of diversity gain.  With even a small amount of this gain considered, the data rates for the smallest SFN areas rise dramatically (e.g., an additional 1 dB in the 2x2 case brings the data rate to 0.6 bps/Hz, fully twice the single-cell data rate).
In short, even for very localised SFN transmissions and with pessimistic assumptions, the improvement in data rate is on the order of 35%.  With larger SFN areas, or with reasonable assumptions about diversity gain from the SFN transmission, the system would benefit even if more data were required to make the SFN transmission possible.  For instance, if a 4x4 cell group has a block of identical parameters across 14 of the cells, and a different value for one parameter in the other two, it could actually require fewer radio resources for the entire group to deliver an SFN transmission, with additional information for the two “exceptional” cells, than for each cell to transmit independently (Figure 6).
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Figure 6: More data in fewer radio resources

The “extra” parameter for cells 6 and 14 consumes 8 extra bits; the identification of the cells requires 8 more (assuming there is some means to identify cells by membership in the SFN group).  The 16-bit cost is more than repaid, however, by the doubled data rate, so the SFN transmission is about 21% more radio-efficient than the single-cell one.  Of course, for any particular SFN scheme there is a crossover point at which the amount of cell-specific data overwhelms the benefits; where this point comes depends on the size of the affected data fields, the cleverness of the signalling formats, and of course the size of the SFN area itself.
2.5. Specification Impact

It should be noted that the approach to local SFN transmission described above actually involves minimal impact to the specifications.  From the UE side, an SFN transmission requires no special treatment; the burden is on the network to coordinate data across the cells in the transmission area. This coordination effort seems largely to be an implementation matter, but could require some interface support within the network, similar to the coordination support needed for SFN transmissions in E-MBMS.
In this light, the possibility of SFN transmission over a very small group of cells (e.g., the 2x2 case from Table 1) becomes particularly interesting, since it suggests the possibility of SFN transmission across the cells controlled by a single eNode B, largely avoiding the possibility of coordination difficulties.  The analysis given here shows approximately a 33% gain in data rate for the 2x2 case, but, as noted, the modelling assumptions are pessimistic; an additional (and not implausible) 2 dB of diversity gain would bring the increase in data rate up to a very favourable 100%.
The main specification impact of this scheme, then, would be on signalling formats to support regional SFN transmissions, as in Figure 6.  Since the signalling formats on the BCH will need considerable revisions relative to UMTS in any case, this impact is not particularly significant.  From a specification point of view, the gains described in this document can nearly be considered as a free benefit.
It follows, too, that individual deployments can use local SFN transmissions transparently and with considerable flexibility; there is no requirement for uniformity even within a single PLMN.

3. Conclusions

The discussion above shows the potential for significant improvements in radio efficiency through SFN transmissions across even small areas, without major specification impact.  Even under assumptions unfavourable to the SFN cases, the data rate that can be offered on the BCH increases by at least 33% in the smallest groups, and by much more over larger groups of cells.  Furthermore, these benefits can be realised with very limited impact on specifications, and without forcing all systems to employ them in an artificially uniform fashion.
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