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1 Introduction

This is a resubmitted paper based on the contribution of St. Louis meeting.

Inter-cell-interference co-ordination is an approach to achieve inter-cell interference mitigation, which is currently considered in evolved UTRAN in order to further improve the system performance ‎[1]. To accomplish this, we have proposed a scheme using the adaptive fractional frequency reuse (FFR) mechanism ‎[2]. This scheme adapts the transmit power level in order to control the degree of coverage gain. The benefit of the proposed scheme is that only cells that are the dominant interferers of cell edge users that are being served are required to employ FFR.  The remaining cells in the network can still employ a reuse factor of one.  Therefore, the impact exerted on throughput performance is minimized.
In the contribution ‎[2], we described the adaptive FFR principle, discussed the operation algorithm, and evaluated the system level performance. The contribution also justified the use of adaptive FFR scheme, showing that for a small loss in cell throughput a larger gain in coverage can be obtained. In this contribution, we discuss adaptive FFR implementation issues and clarify the control signalling between user terminal (UE) and Node-B, and interface between Node-Bs.
2 Adaptive FFR

In this section, we review the description and operation of adaptive FFR according to the contribution ‎[2], describe the neighbour Node-B list establishment, and further discuss the adaptive FFR based network stability and convergence.
2.1 Description and Operation
In the adaptive FFR scheme, there are a fixed number of modes of operation illustrated in Figure 1.  For example,

· Mode 1 is reuse one or universal reuse

· Mode 2 uses soft reuse.  The tones are divided into high power and low power tones, where the low power tones use half the power of the high power tones.  

· Mode 3 uses soft reuse.  The low power tones use ¼ the power of the high power tones

· Mode 4 uses hard reuse with a reuse factor of 1/3.
In terms of adaptive FFR operation, several steps can be considered as follows:

· Each Node-B begins in Mode 1 and keeps track of coverage problems through the UEs handover measurement feedback.
· If a Node-B in mode 1 detects a problem (for example the number of users at the cell edge with data to transmit/receive exceeds a certain threshold) then the Node-B begins to use mode 2 and sends a message to the members of its neighbour Node-B list to use at least mode 2.  If a neighbour is already using mode 2 or higher no further action by that Node-B is necessary.  Each Node-B keeps track of which Node-B made the request and the requested mode of operation.  
· The neighbour Node-B list can be created dynamically by including the most dominant interferers of all the UEs the cell needs to serve.  This information can be obtained from each UE active set.
· When a Node-B changes to a different mode, it sends an acknowledgement to the requesting Node-B and sends the new mode information to its list of neighbours.
· If a Node-B in mode 2 or higher detects that there is no longer a coverage problem (e.g., the UE’s signal strength is higher than necessary for operating in the higher mode), the Node-B sends a message to its neighbours indicating its preferred mode of operation.  A Node-B can go down to a lower level only if all the modes request from the neighbours are at that level or lower.  

· Each mode gradually increases coverage and therefore the impact on throughput is minimized.

· For soft reuse modes, the lower power tones can be scheduled for users at or close to the cell centre.  The high power tones can be scheduled for either cell edge or cell centre users.  
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Figure 1: Adaptive FFR modes.

2.2 Neighbour List Establishment
Each UE monitors the received pilot signal from Node-Bs over the entire available bandwidth. By measuring the long-term signal strength, each UE reports it to the serving Node-B. This measurement in general is used for handover purpose. For example, each UE always monitors three Node-Bs with first three strongest long-term fading signals, and reports them to the serving Node-B in the order of once every ~100 ms. For adaptive FFR implementation, each Node-B utilizes the same handover measurement information, determines and updates the neighbour Node-B list based on whether UEs experience coverage problem in cell edge. If UE faces a coverage problem, its first two strongest neighbour Node-Bs (depending on the maximum number of handover legs, but excluding the serving Node-B) are put into adaptive FFR neighbour Node-B list.

Figure 2 illustrates an example how the serving Node-B NB01 establishes its neighbour Node-B list. In this example, we assume that UE0 and UE1 are served by Node-B NB01 and both face coverage problem. Furthermore, we assume that the two strongest interferences received by UE0 come from Node-B NB12 and NB20, and the two strongest interferences received by UE2 come from Node-B NB12 and NB22, respectively. Besides, Node-B NB01 also serves other UEs but they do not have any coverage problem. Based on such assumptions, the neighbour Node-B list can be established and updated as follows:
· All UEs served by Node-B NB01 report the handover measurements such as pilot signal strength associated with serving Node-B and other two strongest Node-Bs.

· Serving Node-B looks at the reported handover measurement for each UE, and figures out which UE’s have a coverage problem, based on reported pilot signal strength for instance. In this example, we assume that the UE0 and UE1 have a coverage problem.

· The neighbour Node-B list is established according to the neighbour Node-B’s who are generating the stronger interference to the UEs who are experiencing the coverage problem. In this example, the members of neighbour Node-B list for NB01 are {NB12, NB20, NB22}. Obviously, how many members will be in the list depends on the number of UEs who are served by NB01 and facing coverage problems.
· Once the reported handover measurement has been updated by the served UE facing coverage problems, the neighbour Node-B list has to be updated as well.
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Figure 2: Example of neighbour Node-B list establishment.
2.3 Network Stability and Convergence

Since the scheduler determines when to switch to a new mode, the number of signaling messages is controlled by the Node-B. The scheduler must consider the signaling overhead in deciding when to switch to a new mode as well as the coverage versus capacity tradeoff. One way for a Node-B to avoid excessive signaling between Node-Bs is to only request a change to a new mode when there is a significant change in the user distribution.  For example, the Node-B can use the following criteria to determine when to switch to higher mode.
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The expression on the left hand side of the inequality represents the number of cell edge users.  The stability of the algorithm using the above criteria is illustrated in Figure 3.  In the simulations, the target number of cell edge users is between 2 and 4.  On average, the adaptive FFR algorithm stabilizes after 3 iterations.  The probability of stabilizing after 10 iterations is one percent.  
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Figure 3: Stability of the adaptive FFR algorithm.
To further clarify the network convergence, we give an example to describe how the FFR mode changes and how the network becomes stable.
Figure 5 illustrates the adaptive FFR network, where we only focus on NB13 (cell-3) in Node-B1, NB21 (cell-1) in Node-B2, and NB32 (cell-2) in Node-B3. In these three Node-Bs, it is assumed that there are five UEs and only two UEs has coverage problem. Here, we assume that handover lists for UE1 served by NB13 and for UE2 served by NB21 are {NB13, NB21, NB32} and {NB21, NB32}, respectively. Therefore, the neighbour Node-B list can be established as

· For NB13, the neighbour list is {NB21, NB32}

· For NB21, the neighbour list is {NB32}

· For NB32, the neighbour list is {}, since it has no coverage problem.
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Figure 4: Example for adaptive FFR network.

Figure 6 illustrates the adaptive FFR mode operation. The detailed assumption in time direction is made as follows:
· Time 1: all UEs have initial mode state with mode-1.

· Time 2: UE1 arrives and faces coverage problem.

· Time 3: UE2 arrives and faces coverage problem

· Time 4: NB13, NB21, and NB32 have to use mode-2.

· Time 5: NB21 and NB32 keep the same mode since the coverage problem for UE2 is solved by UE1 mode changing.

· Time 6: UE1 still faces coverage problem, and thus, NB13, NB21, and NB32 have to use mode-3.

· Time 7: NB21 no longer has coverage problem for UE2 but still uses mode-3.

· Time 8: NB13 no longer has coverage problem for UE1, and then NB13, NB21, and NB32 back to mode-1.
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Figure 5: Example for adaptive FFR mode operation.

From this example, we may make the statement regarding network convergence as follows:

· There is no network propagation issue with the adaptive FFR since the operation of mode changing is based on independent neighbour Node-B list.

3 Control Signalling for Adaptive FFR

Adaptive FFR control signalling includes the signalling from UE to serving Node-B and signalling between Node-Bs. The control signalling from UE to serving Node-B contains the information of handoff measurement associated with Node-Bs providing the strongest interferences to the UE, and it could be accomplished using L3 control signalling for example. The control signalling between Node-B’s, on the other hand, contains the information of which FFR mode is taken, and it could be accomplished using X2 interface ‎[3]. There are two constraints for adaptive FFR mode switching. One is that in order to prevent frequent mode switching, a cell must wait a fixed duration, Twait (it could be the same as the interval for updating the handover list), after it sends a mode request to a neighbour, before it can send another mode request to the same neighbour. The other constraint is that a cell can only increase the mode level by incrementing the mode request by one level.
An example of control signalling for adaptive FFR with the n-th served UE and four Node-Bs (one serving Node-B0 and three stronger interference Node-Bs) is illustrated in Figure 6.
· In the previous state, we assume that UEn served by serving Node-B0 experiences a coverage problem, and the two strongest interferences come from Node-B1 and Node-B2.
· In the current state, the interference from Node-B2 becomes weaker while the interference from Node-B3 becomes stronger.

· UEn sends the handover measurement for Node-B3 to serving Node-B0, and updates the handover list.

· The serving Node-B0 determines the neighbour node-B list for UEn, which becomes Node-B1 and Node-B3.
· If the number of UE’s who experience coverage problems in serving Node-B0 is larger than the predetermined threshold, the serving Node-B sends a command to Node-B1 and Node-B3 through the X2 interface, asking them to change mode.

· Once again, the interference from Node-B1 becomes weaker while the interference from Node-B2 becomes stronger.

· UEn sends the handover measurement for Node-B2 to serving Node-B0, and updates the handover list.
· The serving Node-B0 determines the neighbour node-B list for UEn, which becomes Node-B2 and Node-B3.

· If the number of UE’s who experience coverage problems in the serving Node-B is larger than the predetermined threshold, the serving Node-B sends a command to Node-B2 and Node-B3 through the X2 interface, asking them to change mode.
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Figure 6: Control signalling for adaptive FFR.
4 Conclusions
In this contribution, we have discussed the neighbour Node-B list establishment, network stability and convergence, the control signalling for adaptive FFR. There are two types of control signalling; one is sent from the UE to its serving Node-B in order to update the neighbour Node-B list, and the other is sent from the serving Node-B to the Node-Bs who are in the neighbour Node-B list. The former can be implemented by reusing handover measurement information. The latter can be implemented by using the X2 interface. This control signal is transmitted only when the serving Node-B requires to change the transmission mode.
Reference

[1] 3GPP TR 25.814, v7.0.0, “3rd Generation Partnership Project; Technical Specification Group Radio Access Network; Physical Layer Aspects for Evolved UTRA”, June, 2006. 
[2] 3GPP TSG-RAN1 WG1, “Adaptive Fractional Frequency Reuse”, Tallinn, Estonia, August 28-Spetermber 1, 2006.
[3] 3GPP TR 25.912, v7.0.0, “3rd Generation Partnership Project; Technical Specification Group Radio Access Network; Feasibility Study for Evolved UTRA and UTRAN”, June, 2006.
� The geometry estimation could be done by many ways, for example, based on reported pilot signal strength from three Node-Bs.
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