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1 Introduction
In the evolved UTRA system, MBMS transmissions are performed in either single-cell or multi-cell mode [1]. In order for the UE to be able to combine multi-cell MBMS transmissions, tight inter-cell synchronization, in the order of substantially less than the cyclic prefix, is required. This allows to enable SFN operation which not only allows combining of signals from multiple cells but also eliminates inter-cell interference from the neighbouring cells transmitting the same content.

However, in case of a single-cell MBMS, the transmission is generally targeted for users in the same cell. The neighbouring cells may be transmitting a different content. In this case, the performance of single-cell MBMS determined by cell-edge users may be interference-limited.  Therefore, schemes that can reduce inter-cell interference for the cell-edge users such as inter-cell interference coordination become attractive. The multi-cell MBMS transmission in an asynchronous network not employing SFN can also benefit from reduced inter-cell interference. Additionally, other approaches that suppress inter-cell interference such as Interference Rejection combining (IRC) can also be used for single-cell MBMS performance improvement. However, in this paper, we only consider inter-cell interference reduction techniques.
2 Single-Cell MBMS
2.1 Fractional frequency reuse

A UE at the cell-edge as shown in the example of Figure 1, experiences interference from 11 cells. This is assuming a hexagonal cell-layout,  2-tiers of interferers and universal frequency reuse i.e. reuse of one.  In this case, two interferers are at distance R, three interferers at distance 2R and six interferers at a distance of 2.7R where R is the cell radius. The worse-case SINR can then be written as:
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Where  is the pathloss exponent i.e. =3.76 [2]. Note that we will focus on an interference-limited scenario therefore ignoring the effect of background thermal noise.

Now assuming fractional frequency reuse of three, the interference from two dominant interferers at distance R from the UE can be eliminated. This results in worse case SINR as given below.
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This results in approximately 13dB improvement in cell-edge SINR relative to reuse of one. Note that with a reuse of 3, the power spectral density on the transmitted bandwidth increases by a factor of 3 that is accounted for in the above calculations.
A more meaningful metric to look at is the improvement in spectral efficiency by accounting for the bandwidth loss effect resulting from a reuse of 3. The capacity limit for cell-edge users can be approximated as:
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It can be noted that a reuse of 3 can potentially provide approximately 2X improvement (1.07 vs. 0.51 b/s/Hz) in cell-edge performance relative to the case of universal frequency reuse. It should be noted that the analysis in this contribution is based on pathloss model only while ignoring the effects of fading etc. Therefore, the potential improvement in performance is merely an indication of the gains achievable by inter-cell interference coordination for the cell-edge users. 
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Figure 1: An example of interference in a single-cell MBMS
2.2 Fractional Loading
In a practical situation, a fixed reuse approach may not deliver its promise due to irregular cell shapes and propagation conditions that makes frequency planning challenging. In this section, we describe a fractional loading approach that can serve as a simpler alternative to fractional frequency reuse.

In the case of fractional loading approach, each cell operates at a duty cycle smaller than 100% on a given time-frequency resource as shown in Figure 2. In the example of Figure 2, 1/4th of the frequency resource in a given subframe is reserved for supporting single-cell MBMS with each cell operating at a fractional loading of 1/3 on this reserved frequency resource. The selection of time-frequency chunks in a given cell can be based on a pseudo-random cell-specific sequence that is pre-known at the UE. The fractional loading approach does not need any coordination between cells and therefore in some cases, the transmissions from neighbouring cells can overlap. In the example of Figure 2, cell-B transmissions do not overlap with the neighbouring cells A and B in OFDM symbols 1, 5 and 6. In OFDM symbol 2 and 4, cell-B transmission overlap with one neighbouring cell while in OFDM symbol 3 transmissions overlap with both cell-A and cell-C. The cell-B will see highest SINR in OFDM symbols 1, 5 and 6, a lower SINR in OFDM symbol 2 and 4 and even a lower SINR in OFDM symbol 3. In general, a fractional loading approach can provide an overall gain if statistically the gains in capacity are higher benefiting from reduced interference than the loss in bandwidth due to operation at fractional loading.
It should be noted that when the resource reserved for single-cell MBMS is not used in certain cells, the same resource can be used for unicast traffic or control with transmission at a reduced duty-cycle.
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Figure 2: Fractional loading approach 

The average capacity in a fractional loading approach can be approximated as:
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Where ci is the capacity in a time-frequency resource with i number of transmissions among the neighbouring cells. In the example where a given time-frequency resource is shared among 3 neighbouring cells, there can be 0, 1, 2 or 3 transmissions in a time-frequency chunk. Also, i indicates the SINR experienced with i number of transmissions among the neighbouring cells and are approximated as:
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The numerical results for average capacity in a fractional loading approach are provided in Figure 3. It can be noted that the capacity is maximized at around 2/3 loading (effective reuse of 3/2=1.5). At lighter loading, the capacity is lower because some time-frequency chunks go wasted where none of the neighbouring cells transmits. At very high loading, the capacity is lower again due to increased interference. The fractional loading of 1 corresponds to a universal frequency reuse case where all the cells transmit in all the time-frequency resources. The fractional loading of 0.5-0.75 appears to maximize the achievable capacity. It can also be noted that the fractional loading approach can provide around 55% (0.87 vs. 0.56 b/s/Hz) improvement in cell-edge performance for supporting single-cell MBMS relative to reuse of 1. In addition, under an ideal frequency reuse of 3, performance can be further improved by approximately 20% (1.07 vs. 0.87 b/s/Hz) relative to fractional loading. However, it should be noted that a frequency reuse approach might be challenging to implement in practice due to required frequency planning etc.
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Figure 3: Capacity as a function of fractional loading 

3 Summary
The E-UTRA system supports both single-cell and multi-cell MBMS. In case of a single-cell MBMS, the transmission is generally targeted for users in the same cell. Therefore, neighbouring cells may be transmitting a different content. In this case, the performance of single-cell MBMS determined by cell-edge users is interference-limited.  Therefore, schemes that can reduce inter-cell interference for the cell-edge users such as inter-cell interference coordination by fractional frequency reuse or fractional loading become attractive. The multi-cell MBMS transmission in an asynchronous network not employing SFN can also benefit from reduced inter-cell interference enabled by fractional frequency reuse or fractional loading. 
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