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I. Summary

This contribution proposes the use of OI and HII indicators together with the introduction of two  parameters to ease the implementation of a combined fixed and adaptive soft frequency resource scheme for inter-cell interference coordination (ICIC). The proposed scheme takes long (slow) and short term (fast) traffic variations into account, and adaptively coordinates the use of physical resource blocks (PRBs). Static soft frequency reuse schemes [1] are not able to adapt to short-term traffic load and user distributions variations. As a result, such schemes may suffer performance degradation when dealing with uneven traffic loading among neighboring cells.
The current consensus for uplink and downlink ICIC is towards semi-static versions of soft frequency reuse which are preferable but require additional signalling overhead and delay in order to ensure orthogonality of cell-edge bandwidth between neighboring cells [2]. Among the indicators being currently discussed for implementing semi-static reuse schemes are HII and OI in the uplink of LTE. However, in fully distributed semi-static soft frequency reuse schemes, a problem might arise when exchange of indicators among neighboring cells and the ensuing actions undertaken by the target cells might lead to greedy cells monopolizing the cell-edge bandwidth destined to be shared among a cluster of adjacent cells. In order to circumvent this problem, we propose a combined fixed and adaptive soft frequency reuse scheme, where the available cell-edge bandwidth is partitioned into a fixed part aimed at accommodating urgent and predictable traffic loading and an adaptive part that takes short term-term traffic loading and user distribution variations into consideration.  The two new parameters introduced are to identify the size and location of the bands and whether the bands are fixed or adaptive.
II. Fixed and Adaptive Radio Resource
In a multi-cell deployment, interference management is often the most challenging problem near the cell edge, where the coverage of two or more cells may overlap. In the ICIC schemes considered thus far in LTE [3-7], the frequency resource allocation between cells can be static or semi-static.  The latter schemes incur a large penalty in terms of signaling overhead which complicates the task of the eNode-B scheduler. On the other hand, the static schemes are simpler but not flexible enough to deal with changing traffic demands in each cell.

The proposed scheme in this contribution strikes a balance between the static and semi-static schemes, thereby reducing the signaling overhead.  We use a combined fixed (static) and adaptive resource allocation (semi-static) technique that is valid for both the uplink and downlink scenarios; even though the focus of the current contribution is on uplink ICIC. In other words, the radio resource is divided into fixed and adaptive bands.  Accordingly, we classify users as primary and secondary users, depending on whether they use (or are assigned) the fixed or adaptive band radio resources. We further propose to subdivide the adaptive band into two categories, namely, the reserved and the free bands.  
According to the proposal, the cell-edge radio resources of each cell consist of two parts: fixed cell-edge band (FCEB) and adaptive cell-edge band (ACEB). In general, radio resources allocated to FCEB change on a fairly static basis, and vary only over a period of several hours or days, while the radio resources allocated to ACEB vary semi-statically or semi-dynamically over a shorter timescale of the order of hundreds of seconds. FCEB resources could for instance be allocated for those traffics which are urgent and/or important since the likelihood for these radio resources to be interfered is minimum or negligible as they are usually assigned in the non-overlapping bands.
Each cell, in general, may be allocated a fixed (FCEB) and an adaptive (ACEB) radio resource.  For this contribution, we focus only on cell edge bands because it is there that the potential for interference is highest.  However, this proposal does not preclude the use of FCEB and ACEB by cell-center users. 

We also propose that the adaptive band be classified into two categories, namely, the reserved and the free band.  So let us define the meaning of each type of radio resource or bands, that is, fixed, adaptive reserved and adaptive free bands or radio resources. 
The FCEB is introduced to ensure an interference free radio resource for the UEs at the cell edge. Those UEs using the allocated fixed radio resources are known as the primary UEs and the rest are secondary UEs. The advantage of being the primary users is that the eNode-B can assign them the resource with minimum delay while not having to worry about being interfered with.  
The adaptive reserved band gives the owner the priority to use the band but not the overriding rights as in the case of the fixed.  In other words, if the owner of the reserved radio resource wants to utilize them and they happen to be borrowed, it would have to wait for the borrowing cell to release the radio resource within a predefined time frame which could be vendor specific.  Owner here means a cell that “owns” the band or radio resource which are usually allocated in non-overlapping bands to neighboring cells.
The adaptive free bands or radio resources are free for all and anyone can grab the resource as long as it is interference free.  Interference free is defined as when OI indicator does not go beyond a certain defined threshold (ffs).  No one has the priority for the use of these radio resources and they are used on a competitive basis.

a. Fixed radio resource
The fraction of system bandwidth allocated to FCEB depends on the vendor’s projected service requirement, and can be small or large. The benefit of FCEB is to reduce the network signaling overhead because each cell is given the exclusive right to use this bandwidth or the bands which are non-overlapping among neighboring cells. The cell has the right to use its FCEB resources without having to measure interference or wait for an interference indicator; this reduces delay and incurs a low signaling overhead. Thus, a primary UE has the advantage that the eNode-B can assign radio resources to it with minimum delay and without having to worry about unplanned for interference.

b. Adaptive radio resource
The radio resources allocated to ACEB in a cell will depend on what is left over from the fixed band allocation and the traffic level demand for that cell. The adaptive radio resource is further classified into two categories – reserved and free.  UEs in a cell have the priority on reserved adaptive radio resource.  On the other hand, a free adaptive radio resource may be used by another cell, but only after it has exhausted its reserved ACEB radio resources. 

Thus, the ACEB radio resource in a system may: 

1. Entirely be set aside as reserve, 
2. Entirely be set aside as free 
3. Or, be a hybrid of the above two possibilities.  The system can be configured for one or more of these options which will be vendor specific.  As mentioned above, the difference between the reserved and the free adaptive resources is that the owner of the reserved resources has a higher priority to use the resource.  
Adaptive Reserved resource

A cell could borrow a reserved resource belonging to another owner (cell or sector).  However, when the transmission is complete, the borrower will have to release the resource back to its rightful owner.  Only upon receiving the “interference free” indicator, or after a time-out period, could the owner resume its rights to use the reserved resource.  
There are two interference indicators that could be used when the owner wishes to utilize its reserved radio resources. For example, the owner shall send out an HII on its reserved PRBs (the ones he wants to “take back”) and wait for the “borrower” to release the resource.  The “borrower” can continue to use the resource but not beyond a certain pre-defined time-out period (may be vendor specific).  Owner will continue to monitor the interference level of those interested PRBs and could also in part rely on the OI from other sectors or eNode-Bs to determine whether the reserved resource has been released by the borrower.  If the resource continues to be used, as shown by monitored interference level, the owner should send out the OI indicator as well.  If there is no borrower, or if the interference level measured is below an acceptable level, then the owner can immediately proceed to use the resource.  What is considered as acceptable level is for further study.
Owner may use the traffic load indicator (TLI) received from the borrowing cells to determine whether it wants to reassert its priority to use a given reserved resource or to switch to another reserved resource block.

Adaptive Free Resource

In the case of the free adaptive resource, any cell can use it if it is free of interference but recommended only after it has exhausted its available reserved resource.  Besides monitoring the interference level of those interested PRBs, OI from other cells or sectors could be monitored before using the resource to determine whether the interference level of specific resource is below the acceptable level.  Similar to the reserved resource, the threshold that defines the “acceptable” level of interference for the free resource is for further study.
III. Resource Allocation and Configuration

Assuming the minimum traffic load within each cell is known, two methods are proposed to configure the FCEB and ACEB bandwidths. The first method is to specify the band by indicating the start-end frequencies 
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As mentioned above, the benefit of FCEB is to reduce the signaling overhead because each cell is given the exclusive right to use this bandwidth or the bands which are non-overlapping among neighboring cells. The allocation of the fixed and the adaptive reserved bands among the cells is such that they should cause no interference to each other.  As a case in point, in the extreme case of a 3 cell system using fixed-band only scheme, the cell edge of each cell is allotted 1/3 of the total bandwidth if the traffic loadings among the three cells are equal.
In general, each cell will be assigned a certain cell edge band radio resource which may be further subdivided into the fixed, the adaptive reserved and adaptive free bands.  The eNode-B schedulers are assumed to be vendor dependent and in general, the allocation of the fixed and adaptive bands will depend on the planned and projected traffic loading and dynamic of each cell (they are usually vendor specific) but in general, both FCEB and reserved ACEB combined are usually allotted as non-overlapping bands among the neighboring cells.  The algorithm according to which the eNode-B schedules their resources is also vendor specific.
IV. Conclusions

A use case of OI/HII indicators for implementing fixed and adaptive soft frequency reuse is presented. This hybrid scheme reduces backhaul signaling and is flexible enough to deal with changing levels of traffic demands.  Primary and secondary users are classified according to which types of radio resource they used.  

The indicators involved in this contribution are HII and OI which are already extensively discussed in RAN 1 meetings.  Thus far, HII is defined as an indicator sent out to neighboring cells when a UE at the cell edge is using some specified PRBs. In this use case, we recommend the followings:

1. HII is sent out by the owner of the adaptive reserved resource to inform the borrower to release the resource after some specific time period. 
2. The owner should send out the OI if unacceptable level of interference is still being measured after some specific or time out period.  However, this should not be needed if the borrower releases the resources by the agreed upon time-out period or if the monitored interference level on this resource is below acceptable interference level.
3. Two new parameters: 

a. Indicate whether resource is for fixed, or for the adaptive reserved or adaptive free bands 
b. Start and end frequencies or the centre frequencies with their associated bandwidth parameters for the defined resource.
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