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1 Introduction
A number of approaches to inter-cell interference mitigation are currently being considered for the Evolved UTRA system [1]. These schemes are divided into three major categories including Inter-cell-interference randomization, Inter-cell-interference cancellation and Inter-cell-interference co-ordination/avoidance. In regard to Inter-cell-interference co-ordination/avoidance, TR 25.814 states:
The common theme of inter-cell-interference co-ordination/avoidance is to apply restrictions to the downlink resource management (configuration for the common channels and scheduling for the non common channels) in a coordinated way between cells. These restrictions can be in the form of restrictions to what time/frequency resources are available to the resource manager or restrictions on the transmit power that can be applied to certain time/frequency resources. Such restrictions in a cell will provide the possibility for improvement in SIR, and cell-edge data-rates/coverage, on the corresponding time/frequency resources in a neighbour cell.
The coordination between the cells can range from a static coordination to a more or less dynamic coordination based on different types of measurements, e.g. UE measurements and traffic distribution.
Another important aspect is what features, if any, need to be standardized in order to enable the Inter-cell-interference co-ordination/avoidance scheme(s). Moreover, the standard impacting schemes needs to show incremental gains over what can be achieved by a simple scheduler operation in the Node-B.  In this paper, we describe some aspects of the scheduler operation that can enable Inter-cell-interference co-ordination/avoidance without any impact on the specifications. This kind of approach can be used as the baseline for evaluation in order to judge the incremental benefit from more complex standards affecting schemes.
2 Flexible Fractional Frequency Reuse
In the flexible fractional frequency reuse approach, each cell is allocated a preferred logical resource set. A logical resource unit is defined either as a group of contiguous subcarriers or a group of distributed subcarriers. A resource set is then defined as a set containing one or more resource units.  In case when the cell is not fully loaded, the cell uses resources from its preferred resource. A preferred resource is a subset of the total resource (total bandwidth). The preferred resource can be made orthogonal among the neighbouring cells. However, when the resource demand increases with a given cell beyond its preferred resource allocation, the cell can use resources from the neighbouring cells’ “preferred resource” according to some predefined rule as part of the Node-B scheduler operation.

An example of flexible fractional frequency reuse is given in Figure 1. In this example, the total subcarrier frequency resource is divided into three segments. The segment A, B and C are defined for cell-A, cell-B and cell-C respectively. The resource segments are further divided into resource units. For example, the resource units for cell-A are A1, A2, A3, A4 and A5 respectively. The allocation of resource unit in a given cell happens in ascending order of resource unit numbers. For example, the resource unit A1, B1 and C1 will be first allocated in cell-A, cell-B and cell-C respectively. It should be noted that the resource units are logical resources and actual mapping to frequency-time resource is, for example, dependent upon localized or distributed mode of transmission. In case further resources are needed, for example in cell-A, the resource units A2, A3, A4 and A5 can be allocated to users in cell-A. In the event, that a cell runs out of its allocated resources, it can start allocating resources reserved for other cells in the descending order of resource allocation. For example, if cell-A runs out of resources, it can start allocating resources from cell-B and cell-C set alternatively. In the example of Figure 1, after running out of its own resources, the cell-A will allocate resources to users in cell A in the order B5, C5, B4, C4 and so on. This strategy of resource unit allocation will minimize the probability of multiple cells using the same resource unit when the system is not fully loaded. This will reduce the interference seen in a given cell from the neighbouring cells.
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Figure 1: An example of resource partitioning with Flexible Fractional Frequency Reuse (FFFR) 

An example of resource allocation is shown in Figure 2. In this example, cell-C is fully loaded. The cell-B is using only two resource units namely B1 and B2. The cell-A is using two extra resource units B5 and C5 in addition to its own resource units (A1-A5). It should be noted that resource units B5 and C5 used in cell-A are only used in the fully loaded cell-C. These resources are not used in the lightly used cell-B hence minimizing the probability that a given resource is also used in the neighbouring cells.
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Figure 2: An example of resource borrowing in Flexible Fractional Frequency Reuse (FFFR) 

In another possible scheduler operation using Flexible Fractional Frequency Reuse shown in Figure 3, the power used on resource units borrowed from other cells is lower than the power used on a given cell’s own resource units.  For example, when cell-A borrows B5 and C5 from cell-B and cell-C respectively, it uses a lower power on these resource units. Similarly, fully loaded cell-C uses a lower power level on resource units borrowed from cell-A and cell-B respectively. The use of lower transmit power on the borrowed resources make sure that a minimum interference is created on these resources because these resources are likely to be used in the neighbouring cells.  
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Figure 3: An example of Flexible Fractional Frequency Reuse (FFFR) where a lower transmit power is used on the borrowed resource units 

It is also possible that the resource units borrowed from other cells are preferably allocated to good users in the cell with a lower transmit power. The good users are generally located closer to the base station and experience higher SINR. This allows serving these users with lower power on the allocated resource units. The lower power on the borrowed resource units also guarantees lower inter-cell interference. In general, good users are bandwidth limited and not power limited. Therefore, these users can be allocated more resources by borrowing resources from the neighbouring cells but at a lower transmit power. As shown in Figure 4, both cell-A and cell-C allocated the borrowed resource units to good users. However, if a cell is not using all the resource units allocated to it, it can still serve a good user with higher power allocation. It is also possible to reduce the transmit power on a resource unit allocated to a good user irrespective of the fact if the resource is borrowed or not as is shown in Figure 4. In this example, the cell-B serves a good user on its own resource unit B1 with a reduced transmit power.
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Figure 4: An example of Flexible Fractional Frequency Reuse (FFFR) where good users are served with reduced transmit power

An important aspect of the Inter-cell-interference co-ordination/avoidance schemes is their interaction with frequency-selective multi-user scheduling. In frequency-selective multi-user scheduling, a user is preferably scheduled on the frequency resource where it experiences a good channel quality. However, due to restriction on resource usage due to Inter-cell-interference co-ordination/avoidance, there will be lesser opportunities for the user to be scheduled on the preferred frequency band thus undermining the performance of frequency-selective multi-user scheduling.

Therefore, as part of the Node-B scheduler operation, the selection of resource units borrowed from the neighbouring cells can also be based on the channel quality experienced by the selected user on these resource units. An example of resource unit borrowing based on the experienced channel quality indication (CQI) is shown in Figure 5. In this example, cell-A serves a user on borrowed resource units B3 and C1 because the user in cell-A reported good CQI conditions on these resource units. A user reporting a very good channel quality on a frequency subband may not be power limited and therefore can be served with reduced transmit power on the borrowed resource.  
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Figure 5: An example of Flexible Fractional Frequency Reuse (FFFR) where the resource units are borrowed from other cells based on the reported channel quality

As part of the Node-B scheduler operation, some resource units are exclusively reserved for use in a cell. These reserved units can, for example, be used to serve the cell edge weak users avoiding any potential collisions on these resource units. In Figure 6, for example, resource units A1, B1 and C1 are exclusively reserved for use in cell-A, cell-B and cell-C respectively. This arrangement guarantees high SINR on the reserved resource units due to lower inter-cell interference.
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Figure 6: An example of resource borrowing in Flexible Fractional Frequency Reuse (FFFR) with minimum “non-borrowable” resource in each cell
2.1 Frequency Reuse for Control channels

In the case of common channels, Inter-cell-interference co-ordination/avoidance can be achieved by configuring the resource for the common channels in, for example, orthogonal fashion, if deemed beneficial. In this case, the system needs to broadcast the common channels resource configuration information.
3 Conclusion
We have described a simple Inter-cell-interference co-ordination/avoidance scheme based on the flexible fractional frequency reuse concept. The scheme can be implemented as part of Node-B scheduler operation and does not impact standard specifications. This kind of simple approach based on Node-B scheduler operation can be used as the baseline when assessing gains from more complex Inter-cell-interference co-ordination/avoidance schemes requiring standard specifications.
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