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1 Introduction
Frequency reuse is a method that can be used in interference limited systems to improve the channel C/I for cell edge users.  In fractional frequency reuse, different transmit power level restrictions are assigned to different groups of sub-carriers.  The unrestricted sets of tones for the sectors within a cell are designed so that the overlap is minimized.  In this way, a coverage gain can be obtained when cell edge users are assigned on the unrestricted set of tones.  
In the proposed adaptive fractional frequency reuse scheme, the transmit power level is adapted in order to control the degree of coverage gain.  In general, the fractional frequency reuse pattern can adapt in order to react to different user distributions.  An additional benefit of the proposed scheme is that only sectors that are the most dominant interferers of the cell edge users that need to be served are required to employ FFR.  The remaining sectors in the network can employ a reuse factor of one.  In this case, the impact on throughput is minimized. 
In this contribution, simulation results are provided to show the stability of the adaptive FFR algorithm, the possible coverage gains and the coverage versus capacity tradeoff.  From these simulation results, several observations can be drawn:

1. The proposed adaptive FFR scheme is stable.

2. There is no impact on throughput when there are no coverage problems in the network.
3. The impact on throughput is minimized by only obtaining the required coverage gain.

4. This scheme does not require network wide frequency planning although network wide frequency planning can further improve the coverage.

5. There is minimal additional feedback from the mobiles.

6. The proposed adaptive FFR scheme has low complexity.

2 Adaptive FFR Description
In the adaptive FFR scheme, there are a fixed number of modes of operation illustrated in Figure 1.  For example,
· Mode1 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.
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Figure 1:
Adaptive FFR modes.
Sectors operating in modes 2 to 4 use a predefined hopping pattern to map resource blocks (RB) or virtual resource blocks (VB) to physical sub-carriers.  A fixed number of RB/VB hop within the high power tones, the remaining hop within the low power tones.  The desired reuse factor can be obtained when each sector defines a different set of RB or VB channels for the high power segment.  For example, for sector 0, VB 0-9 are high power; for sector 1, VB 10-19 are high power; for sector 2, VB 20-29 are high power.  

2.1 Adaptive FFR Operation
The steps in the AFFR method are as follows
· Each Node-B begins in Mode 1 and keeps track of coverage problems through the UEs CQI 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 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 list can be created dynamically by including the most dominant interferers of all the mobiles the sector needs to serve.  This information can be obtained from each mobile’s 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.  The current mode and its associated frequency reuse pattern are periodically broadcast to the mobiles.
· If a Node-B in mode 2 or higher detects that there is no longer a coverage problem (eg. the UE’s CQI 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 mode request from tits 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.  

· Each UE reports the CQI on the high power segment and periodically reports, at a reduced frequency, either the CQI on the lower power segment or the delta between the high power and the low power segments.  

Table 1 below illustrates how each Node-B keeps track of each neighbour’s mode requests to determine which mode to use.  In this example, each Node-B initially begins in mode 1, at time t0.  At time t1, Node-B (A) receives a request from neighbour 2 to use mode 2.  At this time Node-B (A) switches to mode 2.  At time t2, Node-B (A) receives another request from neighbour 3 to use mode 2.  Since Node-B (A) is already in mode 2 no further action is necessary.  At time t3, neighbour 2 indicates that its preferred mode is mode 1, but since neighbour 3 still has a preferred mode of mode 2, Node-B (A) must remain in mode 2 until time t4.  At time t4, Node-B (A) can move to mode 1 since all of its neighbours have a preferred mode of mode 1.  
Table 1:  Adaptive FFR example.

	Neighbour
	Mode at time to
	Mode at time t1
	Mode at time t2
	Mode at time t3
	Mode at time t4

	1
	1
	1
	1
	1
	1

	2
	1
	2
	2
	1
	1

	3
	1
	1
	2
	2
	1

	4
	1
	1
	1
	1
	1

	Node-B A
	1
	2
	2
	2
	1


3 Simulation Parameters

The following parameters are used to simulate the performance of the adaptive FFR scheme.

· Channel bandwidth = 5 MHz
· Case 1 and case 3
· Scheduler:  Round robin

The remaining parameters are obtained from Table A.2.1.1-3 in [1].

4 Simulation Results
The coverage gains for the frequency reuse modes described in section 2 are illustrated in Figure 2.  The results were obtained assuming frequency planning.  In this example, each FFR mode is designed to gradually increase coverage.  The impact FFR has on throughput can be minimized by selecting a FFR mode that achieves only the desired coverage gain.  

[image: image2]
Figure 2:  Coverage gains obtained with frequency planning for different FFR modes.
The difference between frequency planning and no planning is illustrated Figure 3.  The degradation for the case without frequency planning is less than 0.3 and 0.5 dB for modes 2 and 3, respectively.  For mode 4 the degradation is up to 1.5 dB.
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Figure 3:  Degradation in coverage due to random frequency planning.
The coverage gain for 40 users randomly dropped in a sector is illustrated Figure 4.  The users are grouped according to their geometry.  As the FFR operating mode increases to a higher level, the number of users with geometry less than zero dB decreases.

[image: image4]
Figure 4: AFFR impact on user geometry.
4.1 Stability of the Adaptive FFR Algorithm

Since the scheduler determines when to switch to a new mode, the number of signaling messages on the backhaul is controlled by the base station.  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 base station to avoid excessive backhaul signaling is to only request a change to a new mode when there is a significant change in the user distribution.  For example, the base station can use the following criteria to determine when to switch to higher mode.
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is the maximum number of users with geometry below the minimum threshold that is allowed for the current mode.  The symbol 
[image: image9.wmf] represents the number of elements in the given set.
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 5.  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 5:  Stability of the AFFR algorithm
4.2 Coverage versus Throughput Tradeoff

Since frequency reuse schemes use only a portion of the bandwidth, the coverage gain for cell edge users is obtained at the expense of average sector throughput.  The coverage versus sector throughput plot using the adaptive FFR scheme for case 1 and case 3 is shown in Figure 6.
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Figure 6:  Coverage versus sector throughput for case 1 and case 3.
The right most point on the above graph represents the coverage and sector throughput for a reuse factor of one (mode 1), while the left most point represents the case with a reuse factor of 1/3 (mode 4).  The points in between were obtained by changing the geometry threshold in the mode switching criteria given in equations 1 and 2.  Since the above graph has a concave down shape, it justifies the use of the adaptive FFR scheme.  The graph indicates that for a small loss in sector throughput a larger gain in coverage can be obtained.      
5 Conclusion
The conclusions drawn from this contribution can be summarized as follows:

· In the adaptive FFR scheme, different sectors can obtain different coverage gains by using different frequency reuse modes in order to obtain the desired coverage gains.  
· Each sector has two groups of tones (high power and low power) for each mode of operation.  The high power tones are selected so that the overlap among the sectors within a cell is minimized.  

· The frequency pattern is determined from the current mode of operation and the sector ID.

· Sectors operating in FFR modes with a reuse factor of less than one use a hopping pattern that is defined so that each DRCH/BRCH channel hops with either the high power or low power segment only.  

· There is no impact on throughput when there are no coverage problems.

· The impact on throughput is minimized by only obtaining the required coverage gain.

· This scheme does not require network wide frequency planning although network wide frequency planning can further improve the coverage.

· Only minimal additional feedback from the mobiles is necessary, which consist of the extra CQI reports on the different FFR segments.  
6 Text Proposal

To play the trade-off between sector throughput and user coverage, adaptive FFR is beneficial. We propose the following text for section 7.1.2.6.3 in TR.
-------------- Start of text proposal -----------------

7.1.2.6.3
Inter-cell-interference co-ordination/avoidance
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.
Different assumptions can be made regarding UE measurements/reporting needed to support downlink interference co-ordination:

· Alternative #1: 
No additional UE measurement and reporting is needed, in addition to CQI reports anyway needed to support channel-dependent scheduling and link adaptation

· Alternative #2: 
Additional UE measurement and reporting of average path loss (incl. shadowing) to current and neighbour cells. Reporting rate: In the order of once every 100 ms.

· Alternative #3: 
In addition to the measurements/reports of alternative #2, additional measurement and reporting of average interference for the frequency reuse sets. Reporting rate: In the order of once every 100 ms. 

Inter-cell interference co-ordination will require certain inter-communication between different network nodes in order to set and reconfigure the above mentioned scheduler restrictions. Two cases are considered:

· Static interference co-ordination
Reconfiguration of the restrictions is done on a time scale corresponding to days. The inter-node communication is very limited (set up of restrictions), basically with a rate of in the order of days.

· Semi-static interference co-ordination
Reconfiguration of the restrictions is done on a time scale corresponding to seconds or longer. Inter-node communication corresponds to information needed to decide on reconfiguration of the scheduler restrictions (examples of communicated information: traffic-distribution within the different cells, downlink interference contribution from cell A to cell B, etc.) as well as the actual reconfiguration decisions. Signaling rate in the order of tens of seconds to minutes.

Adaptive fractional frequency reuse (AFFR) scheme is an alternative to improve the user coverage without large degradation of sector throughput. It can be treated by many ways. One example illustrated in Figure xxx is to operate the fixed number of modes as follows:

· 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.  
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Figure xxxx:
Adaptive FFR modes.
Sectors operating in modes 2 to 4 use a predefined hopping pattern to map resource blocks (RB) or virtual resource blocks (VB) to physical sub-carriers.  A fixed number of RB/VB hop within the high power tones, the remaining hop within the low power tones.  The desired reuse factor can be obtained when each sector defines a different set of RB or VB channels for the high power segment. 

The steps in the AFFR method are as follows

· Each Node-B begins in Mode 1 and keeps track of coverage problems through the UEs CQI 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 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 list can be created dynamically by including the most dominant interferers of all the mobiles the sector needs to serve.  This information can be obtained from each mobile’s 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.  The current mode and its associated frequency reuse pattern are periodically broadcast to the mobiles.
· If a Node-B in mode 2 or higher detects that there is no longer a coverage problem (eg. the UE’s CQI 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 mode request from tits 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.  

· Each UE reports the CQI on the high power segment and periodically reports, at a reduced frequency, either the CQI on the lower power segment or the delta between the high power and the low power segments.  
--------------- End of text proposal -----------------
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