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1. Introduction

During RAN1#44 several proposals were presented on resource management techniques for interference mitigation in EUTRA. Most proposals concentrated on frequency resource management with the stipulation that time can also be dimensioned for synchronous networks. The objective of resource management techniques is to improve the performance of cell edge UEs and minimize the spectral efficiency and data rate discrepancies among cell-edge and cell-interior UEs in order to provide a more uniform performance and user experience in EUTRA. Several of the contributions provided throughput results based on this objective [1-5].
In this contribution, we review the intrinsic attributes of the proposed techniques and the corresponding results and discuss general performance aspects of resource management for interference mitigation in order to define an appropriate way forward. 

2. Proposed Resource Management Techniques for Interference Mitigation
We focus on frequency resource block (RB) management. However, time (sub-frame(s) granularity) management should also be examined for synchronous networks (e.g. for E-MBMS). Time resource management, whenever possible, may be preferable over the frequency one, particularly for low to medium UE speeds. For such UEs, the channel does not change between successive sub-frames, and therefore there is no or little time scheduling penalty, while there is very often a frequency scheduling penalty when limiting the available frequency resources.
Two common themes of all proposed frequency RB management techniques are the concepts of soft frequency reuse and semi-static allocation of reserved frequency RBs. Naturally, there are also differences that can be classified by several aspects including
a) complete or partial transmission power isolation of reserved frequency RBs
b) re-use factor of reserved frequency RBs among cells

c) required measurements and signaling overhead 
d) cell-edge and average spectral efficiency and throughput performance
2.1. Brief Description of Proposed Techniques
The techniques in [1-3] propose a re-use factor of 3 for the reserved frequency RBs among cells with transmit power isolation at the cell edge, as shown in Figure 1. Notice that because of semi-static allocation, the allocation of reserved RBs in the adjacent cells is time varying and typically depends on the relative traffic load each cell has at its edge (i.e. a cell may have more or less than 1/3 of the total frequency RBs reserved for cell edge operation).   

The techniques in [4, 5] also propose a re-use factor of 3 but consider partial transmission power isolation at the cell edge. The power profiles consist of frequency RBs and are coordinated so that the frequency RBs applying relatively higher power in a given cell are co-located with the relatively lower power frequency RBs in adjacent cells. This is depicted in figure 2. 

Finally, the technique proposed in [6] suggests a network restriction planning with re-use factor of 7. The frequency RBs are partitioned in 7 subsets where in sector M the corresponding frequency RB is restricted in power (Figure 3). 
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Figure 1: Power isolation
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Figure 2: Fractional Power
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Figure 3: Fractional Power for frequency RB M of sector M (M = 1, …, 7).
2.2. Required Signaling and Measurements 
The signaling and measurement requirements are another important aspect of the operating differences among the proposed techniques.

For the downlink frequency RB management in [1], it was shown in [7] that the CQI measurements the UE sends to Node B for frequency-dependent scheduling are comfortably adequate for frequency RB management. Therefore, no additional UE measurements or signaling in required. Moreover, possible individual CQI measurement and signaling errors will be averaged out over the frequency RB re-allocation period and will have no performance impact. It also appears possible to extent this approach to the E-UTRA uplink for frequency RB management proposed in [2]. 
In [3], the UEs need to report DL pilot measurements from adjacent cells to the serving Node B and the Node B assigns/updates the RBs of UEs accordingly. This implies pilot acquisition from adjacent cells and any non-acquired pilot will degrade the reserved RB allocation decision process. The pilot measurements can serve as a path loss measure. Additional measurements are also needed for reporting the average interference for each frequency RB. The signaling rate is for both pilot and interference measurements in the order of 50-100 msec. In addition to signaling and measurement errors (e.g. adjacent cell/sector pilots are not correctly acquired) which affect the reliability of frequency RB management, the signaling overhead may noticeably reduce uplink throughput. Although the reporting rate is somewhat low, the overhead cannot be neglected when a large number of UEs exists in the cell, each reporting pilot and interference measurements for each RB. The suggested signaling and measurement requirements of [3] are the fundamental difference with [1, 2] as the actual frequency RB management is similar. However, notice that the approach in [3] can also use the CQI reporting for frequency RB management.
In [6], the average path loss needs to be reported from the serving and adjacent cells. Similar comments as before apply regarding signaling and measurement errors and signaling overhead.
No method for how to apply the varying power pattern in frequency RBs has been specified for the techniques in [4, 5]. The UE geometry factor has been suggested as a possible metric in [5] while [4] proposed static power profiles. However, static profiles are not efficient for varying traffic distributions. It is inferred that the required measurements and signaling are for the serving and adjacent cells pilots (path loss) and interference. Therefore, similar comments as before apply. An additional drawback with varying the power pattern (partial power transmission) is that the measurements need to be much more accurate since they determine finer variations in the transmit power allocation (as opposed to just full or no power) and measurement and signaling errors will have a larger degrading effect. Another drawback is that more co-ordination appears to be needed among cells since each UE geometry after transmit power adjustments are made in each RB and each cell can not be directly predicted from the geometry prior to power adjustments.
Regardless of the frequency RB management method, the CQI (based on pilot frequency hopping among adjacent cells) can determine UE classification and resource management. In that sense, all frequency RB management methods can become equivalent with respect to their signaling requirements and corresponding physical layer specifications and measurements are not needed.
2.3. Cell-Edge and Cell Average Performance 
A brief review of presented results for the proposed techniques is now provided. These results are summarized in Table 1 (based on indicative cell edge loading values).

The cell-edge performance for the frequency RB management techniques with complete transmission power isolation was presented in [3-7]. Generally, these values depend on the load at the cell edge. 
For the technique in [1], cell edge throughput can improve by a minimum of 2.3-2.7x over no frequency RB management (with channel dependent frequency scheduling) [7], thereby easily meeting and possibly exceeding E-UTRA requirements. For the uplink, a corresponding indicative value is 2.8x [3]. 
For the technique in [3], cell edge spectral efficiency gains of about 1.7x were shown in [3] without considering signaling and measurement errors and signaling overhead (UL).  

The technique in [6] does not improve cell edge throughput, and is therefore not applicable as far as the corresponding E-UTRA requirements are concerned.

For the techniques with partial power transmission from adjacent cells to frequency RBs used by cell edge UEs in the cell of interest, throughput results were presented in [4, 5]. 
The results in [4] do not include link adaptation and HARQ while the throughput is calculated using the Shannon formula with implementation loss of 4 dB. For the MRC receiver with 2 Rx antennas, the cell edge throughput gain with RB management is 1.3x. For an interference rejection combining (IRC) receiver (exact simulation assumptions not specified) the gain is 1.44x. In any case, even with link adaptation, it appears difficult to meet the 2x-3x gains of the E-UTRA requirements. 
The results is [5] are much more optimistic! The cell edge throughput gain is 3x-5x for a power ratio between cell interior and cell edge RBs of 0.4-0.3 (1 Rx antenna). Moreover, no dependence was shown on the traffic load at the cell edge. 
Table 1: Cell Edge Throughput Gains with Frequency Resource Management. 

	Complete Power Isolation for Cell Edge RBs
	TI/Siemens
	2.3-2.7 x

	
	QC
	1.7x

	Partial Power Isolation for Cell Edge RBs
	Nokia
	>1.3-1.45 x

	
	Huawei
	3x-5x


2.4. Degree of Interference Isolation for Cell Edge Frequency Resource Blocks 
The question whether frequency RBs dedicated to cell edge UEs should be completely or partially isolated from adjacent cell interference can quantitatively only be addressed by simulations. However, some qualitative insight is now attempted on this complex issue. Some criteria are the cell edge and average throughput and the ability to support the EUTRA peak rates for most UEs.

Without interference management, there is no protection of cell edge UEs and power from adjacent cells is fully transmitted in all frequency RBs (no frequency RB management). Maximum protection of cell edge UEs corresponds to no power transmission in the corresponding frequency RBs from adjacent cells. Partial power transmission falls in the middle.
Even under maximum protection, cell edge UEs experience geometries that are substantially smaller than for cell interior UEs. To minimize the corresponding throughput difference, complete isolation of the cell edge UEs is required. This is especially true when there are no capacity constraints. This allows better cell edge robustness by increasing coverage for a given data rate and facilitating handover conditions. Therefore, for networks that are not fully loaded, complete interference avoidance in frequency RBs for cell edge UEs is preferable.
If the traffic load in several adjacent cells is similar or larger at the cell edge than at the cell interior, or if high data rates are desired for some cell edge UEs in several adjacent cells, the size of frequency RBs for cell edge UEs needs to be relatively large. Then, some frequency RBs may be commonly used at the edge and interior of adjacent cells (partial power transmission). The value of the fractional power should be determined globally (not separately by each Node B) and can be treated as part of the available resources. The ability to perform interference cancellation (IC) and the corresponding minimum or average gains are also an important parameter in the overall resource allocation. For example, without IC the tolerable partial power is probably limited to a small fraction while with IC full power transmission may be possibly accommodated. Finally, notice that the objective of any resource management technique is to improve cell edge throughput without introducing substantial penalties in the average cell throughput. This is also the motivation behind the consideration of the Proportional-Fair scheduler (otherwise, a max C/I scheduler already maximizes the average cell throughput but leads to very poor cell edge throughput).

3. Conclusions
A brief overview was presented for the attributes, performance, measurements and signaling requirements of proposed frequency resource management techniques for interference management in EUTRA. 

With respect to signaling and measurement requirements, the necessary information for frequency resource management can be provided by the CQI reporting for all techniques. This is particularly helpful for frequency resource management as it does not fundamentally require additional signaling overhead or UE complexity. Additional measurements and physical layer signaling may be specified only if they are justified by additional gains, if any.

With respect to the choice of complete versus partial adjacent cell interference avoidance in frequency resource blocks for cell edge UEs, performance metrics and operating scenarios should be specified for a comparative evaluation. In cells operating below capacity complete interference isolation is preferable. 
For cells operating at or near capacity, corresponding scenarios for the UE cell distribution and appropriate tradeoffs among full and partial interference isolation in terms of edge and average cell throughput and supportable data rates should be defined. For UEs or Node Bs capable of interference cancellation, the corresponding gains should be considered in conjunction with interference management in the overall evaluation. Also, for synchronous networks (e.g. as for optimized E-MBMS operation), management of the time resources should also be considered as it may be more beneficial than management of the frequency resources. 
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