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1. Introduction
The proposals for the downlink (OFDMA) and uplink (IFDMA or OFDMA) of the Evolved UTRA support intra-cell orthogonality and as a consequence, the main interference source is inter-cell interference. The effect of inter-cell interference is particularly detrimental to UEs that are located near the cell edge. In order to satisfy a service quality that is largely independent of the UE location, it is important to consider techniques for interference mitigation near the cell edge. Two such prominent techniques are cell frequency scheduling coordination and cell-specific scrambling. This document focuses on the former although a combination of the two techniques is also possible. 

2. Frequency Scheduling Coordination for Interference Avoidance Near the Cell Edge

An interference mitigation method is proposed based on the soft reuse principle for the allocation of the frequency sub-bands in adjacent cells. This allocation is achieved through semi-static network coordination taking into account the traffic load, i.e. the distribution (location and/or transmit power requirements) and throughput requirements of UEs near the edge of each cell.   

Interference mitigation for UEs near the cell edge through coordination of the allocated frequency sub-bands among cells can be static or dynamic. Dynamic coordination in every TTI is impractical because it requires too much signaling and scheduling complexity as each Node B should inform its neighboring ones about its scheduling of frequency sub-bands in every TTI. 

On the other hand, a purely static coordination [1, 2] may be highly sub-optimal because of the changing UE traffic and throughput requirements characteristics. The frequency sub-band coordination approach in Figure 1 uses the same reserved frequency sub-bands for all sectors of the same cell. Compared to an alternative approach where the reserved frequency sub-bands vary among sectors depending on the UE locations [2, 3], the approach in Figure 1 allows larger scheduling flexibility and associated throughput gains by having a larger number of reserved frequency sub-bands available for scheduling. It also allows the application of softer handoff between sectors for additional gains, especially for UEs near the cell edge, as it was shown in [4], without consuming additional frequency sub-band resources as it would be the case with the techniques in [2, 3] (although the softer handoff gains may be smaller in conjunction with interference avoidance). 

With a static allocation, a set of frequency sub-bands (usually 1/3 of the total [1]) is reserved by each Node B for use near its cell edge and cannot be used in adjacent cells. For UEs toward the cell interior, the entire frequency band is available for scheduling. Scheduling for UEs near the cell edge takes precedence over scheduling of UEs toward the cell interior, effectively making the available frequency sub-bands for scheduling of the latter between 100% (all UEs in the cell interior) to 67% (enough UEs exist near the cell edge with scheduling priority to occupy all reserved sub-bands) of the total. 
Unlike fixed data rate applications, such as voice service, where fixed frequency reuse coordination is viable, the LTE throughput requirements may vary significantly among UEs, resulting to substantially varying traffic loads near the cell edges. Therefore, a static allocation without any resource adaptation may therefore not be efficient. Figure 2 shows a static allocation of reserved frequency sub-bands where each cell is allocated 1/3 of the total frequency band. Cell 1 is allocated the first reserved frequency sub-band Cells 2, 4, and 6 are allocated the second reserved frequency sub-band and Cells 3, 5, and 7 are allocated the third reserved frequency sub-band. Figure 3 shows a simplified case for the UE population and data rate requirements near the cell edges that nevertheless conveys the inefficiency of static allocation for varying traffic loads near the cell edge. In this exemplary case (which can be extended in a straightforward manner to cover the entire cell instead of a sector), Cells 1 and 4 require a much larger number of reserved sub-bands than do Cells 5 and 6 and a static allocation of the reserved frequency resources will be inappropriate.

[image: image6.bmp]
Figure 1: Static Coordination of Reserved Frequency Sub-Bands among Cells.
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Figure 2: Time Invariant Static Coordination of Reserved Frequency Sub-Bands among Cells.                               Fixed Size of Reserved Frequency Sub-Bands for UE Scheduling Near the Cell Edge.
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Figure 3: UE Throughput Requirements Near the Cell Edge.

A semi-static coordination of reserved frequency sub-bands among cells is preferable for LTE in order to more effectively address the varying throughput requirements and UE populations near the cell edge. Semi-static coordination may be achieved, for example, by the Node Bs communicating to the RNC their throughput requirements near the cell edge and with the RNC communicating to the Node Bs the partition of corresponding reserved frequency sub-bands.

2.1. Semi-Static Frequency Scheduling Coordination for Interference Avoidance

Similar to the purely static frequency coordination, certain frequency sub-bands are reserved in each cell for use by UEs near the edge (UEs requiring high transmission power). Again, UEs located toward the cell interior have available for scheduling the remaining frequency sub-bands and possibly some of the reserved ones if they were not allocated to UEs near the cell edge. However, unlike purely static coordination, the size of the reserved frequency sub-bands depends on the traffic load near the cell edge. The size of the reserved frequency sub-bands can therefore vary from 0, in the case of negligible traffic load near the cell edge (thereby achieving frequency reuse of 1), to potentially significantly more than 1/3 of the total frequency band for high traffic loads near the cell edge. If adjacent cells have similar total rate requirements near their edges, the reserved resource allocation may be equally divided to 1/3 of the total. If a cell has smaller total rate requirements near its edge than the adjacent cells, the latter can use more than 1/3 of the frequency resource at their edge. In that manner, the frequency resources are efficiently utilized while avoiding excessive interference for UEs near the cell edge. 

Figure 4 illustrates the principle of semi-static coordination of reserved frequency sub-bands where adjacent cells are allocated different reserved sub-bands for scheduling of UEs near their edges. During the first RNC allocation period of reserved frequency resources, the traffic load near the edge of Cell 1 is greater than in the adjacent cells and Cell 1 is allocated the largest number of the reserved frequency sub-bands. Cells 3, 5, and 7 have medium traffic loads near their edge and are allocated a corresponding smaller number of reserved frequency sub-bands while Cells 2, 4, and 6 have the lowest traffic loads near their edge and are allocated the smallest number of reserved frequency sub-bands. For example, relative to the total frequency band, the reserved frequency sub-band for Cell 1 is 50%, it is 33.33% for Cells 3, 5, and 7, and it is 16.66% for Cells 2, 4, and 6. 

During the next RNC allocation period, Cells 2, 4, and 6 have the highest traffic loads near their edge and are accordingly allocated the largest number of reserved frequency sub-bands. Cell 1 has the second largest traffic load and Cells 3, 5, and 7 have the lowest traffic loads near their edges and are accordingly allocated reserved frequency sub-bands. For example, relative to the total frequency band, the reserved frequency sub-band for Cell 1 is 33.33%, it is 16.66% for Cells 3, 5, and 7, and it is 50% for Cells 2, 4, and 6. This exemplary allocation of reserved frequency sub-bands can be extended to an arbitrary number of cells where the RNC considers the traffic load requirements near the cell edge for each cell group (Cell 1, Cells 2, 4, and 6, and Cells 3, 5, and 7 in Figure 1).


[image: image4]
Figure 4: Semi-Static Coordination of Reserved Frequency Sub-Bands among Cells.                                                Varying Size of Reserved Frequency Sub-Bands for UE Scheduling Near the Cell Edge.

Communication from Node Bs to the RNC is to provide information regarding the throughput requirements, or alternatively the required reserved frequency sub-bands. Communication from the RNC to Node Bs is to provide the corresponding allocation of reserved frequency sub-bands. This can be done at a very low rate since appreciable changes in the nature of service, the number of UEs and their location occur in the order of several seconds (at the slow power control rate or even slower). The transmit power required for communication between Node B and UE may be used as a UE location metric. Scheduling, localized or distributed, of UEs near the cell edge is confined within the reserved frequency sub-bands (naturally, no such restriction exists for UEs located toward the cell’s interior but scheduling of the UEs near the cell edge is performed first).   

3. Frequency and Time Scheduling Coordination for Interference Avoidance Near the Cell Edge

In LTE networks supporting synchronous operation, frequency scheduling coordination for interference avoidance for UEs near the cell edge may also be combined with time scheduling coordination for the TTIs. Synchronous operation allows for substantially improved overall performance and it will be probably needed if the LTE requirements for MBMS are to be met. Moreover, unicast performance may also be enhanced. For example, channel estimation can improve by using orthogonal pilots among adjacent cells to increase the effective pilot SINR. This may be particularly important for MIMO where the pilot power per antenna should be relatively small if the overall pilot overhead is to be kept small to minimize the associated reduction in data throughput.

Combining frequency and time scheduling allows for even better flexibility in resource allocation and managing dynamic traffic loads near the cell edges thereby improving throughput performance. Similar to frequency coordination, time coordination can be static or semi-static with the latter allowing for more efficient resource allocation. For example, considering Figure 1 only from a static time scheduling perspective (all frequency sub-bands available throughout every cell), scheduling during a TTI for Cell 1, for Cells 2, 4, and 6, and for Cells 3, 5, and 7 may occur only, respectively, such that TTI# mod 3 = 0, TTI# mod 3 = 1, and TTI# mod 3 = 2. Considering Figure 4 only from a semi-static time scheduling perspective, during the first allocation period, Cell 1 may be scheduled 50% of the time, Cells 3, 5, and 7 may be scheduled 33.33% of the time and Cells 2, 4, and 6 may be scheduled 16.67% of the time while during the second allocation period, the corresponding numbers are 33.33%, 16.67% and 50%. 

Figure 5 illustrates semi-static frequency and semi-static time coordination for UEs near the cell edge. During the first RNC allocation period of time and frequency resources, Cells 1, 4, and 7 use the same reserved frequency sub-bands. Cell 1 is scheduled during odd TTIs while Cells 4 and 7 are scheduled during even TTIs. Cells 2 and 3 use the remaining reserved frequency sub-bands are continuously scheduled. Cells 4 and 5 also use the remaining reserved frequency sub-bands and are alternately scheduled. For example, the reserved frequency sub-bands for Cells 1, 4, 5, 6, and 7 are 50% of the total, for Cell 2 they are 33.33% of the total and for Cell 3 they are 16.67% of the total. In this example, Cell 2 has the largest traffic load requirements near its cell edge, Cells 1, 4, 5, 6, and 7 have similar ones, while Cell 3 has the smallest ones. 
During the next RNC allocation period (TTI M), Cells 1, 2, and 3 use different reserved sub-bands with size equal 33.33% of the total and Cells 5 and 6 use the same reserved frequency sub-bands as Cells 2 and 3, respectively. The previous Cells are scheduled during odd TTIs. Cells 4 and 7 reserve the entire frequency band and are scheduled during even TTIs. In this example, Cells 4 and 7 have the largest traffic load requirements near their edge while all remaining cells have similar ones.
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Figure 5: Semi-Static Coordination of Reserved Frequency Sub-Bands and TTIs among Cells.                                Size of Reserved Frequency Sub-Bands and TTIs for UE Scheduling Near the Cell Edge.

For time scheduling coordination, the CQI measurement during TTIs that a UE near the cell edge is not scheduled can be based on the transmission of orthogonal pilots among adjacent cells. Using orthogonal pilots among same-cell sectors was suggested in [4] and this concept can be readily extended to adjacent cells (e.g. [5]). The number of such orthogonal pilots depends on the type of frequency and time coordination. For example, from Figures 1 and 2, with only time scheduling coordination, 3 orthogonal pilots among adjacent cells are needed (one for cell 1, one for cells 2, 4, and 6, and one for cells 3, 5, and 7). The same number can be maintained for time and frequency scheduling in order to not have any restrictions on the reserved frequency sub-bands and TTIs.

With time scheduling, the Node B may also inform a UE at the cell edge of the TTI number that it may be scheduled by transmitting this low rate 1-4 bit information periodically once over the resource re-allocation period. In that manner, the UE will not be required to continuously monitor the shared control channel to determine whether it is scheduled in a TTI thereby enabling cell edge UEs for which battery power is most significant to conserve power. 

4. Conclusions

Two methods for interference avoidance near the cell edge were presented based on semi-static resource allocation to address the varying traffic loads near the edge of each cell in the network while maintaining a very low rate of signaling information. The first considers only semi-static frequency scheduling coordination. The second considers semi-static time scheduling coordination which may be combined with semi-static frequency scheduling coordination. Both methods require periodic communication between the RNC and the Node Bs comprising the steps of

a) Each Node B signals to the RNC information of the traffic load (throughput requirements) near its cell edge.

b) The RNC signals the allocation of the reserved frequency resources to each Node B based on the traffic loads (throughput requirements) near its cell edge.
c) The RNC may also signal to each Node B the allocation of reserved time resources.
When time scheduling coordination is used, each Node B may also signal to each UE the TTI scheduling sequence. This signaling also occurs at a very low rate that is the same as the signaling rate between each Node B and the RNC regarding resource allocation. In that manner, each UE near the cell edge may only monitor the shared control channel during specific TTIs thereby conserving power.  
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