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1. Introduction
The proposals for the downlink (OFDMA) and uplink (SC-FDMA) of EUTRA support intra-cell orthogonality and as a consequence, the main interference source is inter-cell interference (ICI). The throughput for UEs near the cell edge is severely limited by the ICI which must be effectively managed if EUTRA is to achieve the desired improvements for cell edge throughput and more balanced data rates and service quality among UEs near the cell edge and UEs toward the cell interior.

Several methods have been proposed for ICI management including frequency planning for ICI mitigation (e.g. [1], and the references in [2]), ICI cancellation [3], and ICI randomization [4]. Among them, ICI randomization is unlikely to meet the EUTRA requirements [5] regarding cell edge throughput as there is no SINR gain for cell edge UEs. Therefore their performance cannot improve or approach that of UEs in the cell interior. ICI cancellation is a UE-specific technique that may provide some SINR gains. However, only a few dominant interferers can typically be effectively cancelled limiting the SINR gains. Moreover, certain UEs may only experience a lot of small interferers making ICI cancellation with reasonable UE complexity largely ineffective. 
This contribution considers the performance of the ICI mitigation method proposed in [1] based on the soft reuse principle for the allocation of reserved frequency sub-bands in adjacent cells. This allocation is achieved through semi-static network coordination through the RNC taking into account the traffic load and data rate requirements of UEs near the edge of each cell. In particular, we evaluate the total, cell interior, and cell edge throughput for
· adaptive (semi-static) versus static 1/3 maximum soft frequency reuse factor
· adaptive (semi-static) maximum frequency reuse factor versus no frequency planning

It is shown that semi-static frequency co-ordination meets the EUTRA requirement of 2x-3x of the Release 6 HSDPA cell edge data rate [5]. It is also shown that it provides cell edge throughput gains over frequency coordination with the static maximum soft-reuse factor of 1/3 ranging between
· 10% - >50% in average cell edge throughput
· 0% - >70% in individual UE realizations cell edge throughput
· Substantially better quality of service balance between cell edge and cell interior

2. Simulation Assumptions
The agreed numerology in [4] is applied. Additional simulation assumptions are given in Table 1. The link level simulations providing the MCS SINR-to-BLER mapping for the system level simulations used the staggered pilot format [6] with M=4 and the mapping accounted for channel estimation errors. Moreover, the exponential effective SIR mapping in [7] was applied to map the channel conditions to an effective SINR that can be used to determine the expected BLER from the link level AWGN curves. In terms of scheduling, multiple chunks were allowed to be assigned to a single UE if so determined by the scheduler (proportional fair). The system simulation parameters for the macro-cell deployment were the ones given in Table 2 of [8] which are also stated in Table 2 for ease of reference. 

	Parameter
	Assumption

	Bandwidth
	10 MHz

	Site-to-site distance
	866 m

	Channel Models
	Pedestrian B, Vehicular A, Typical Urban

	Modulation scheme

and

Channel coding rate
	QPSK (R = 1/4, 1/2, 3/4),

16QAM (R = 1/2, 5/8, 3/4),

64QAM (R = 5/8, 3/4)

	UE speed
	3 Kmph

	Pilot Overhead
	7.14%

	CQI Reporting delay
	1.0 msec (2 TTIs)

	CQI Measurement and Decoding Errors
	No Errors

	Scheduling algorithm
	Proportional Fair

	Target BLER
	10%

	Round trip delay in hybrid ARQ
	3.0 msec (6 TTI)

	Packet combining method in hybrid ARQ
	Chase combining

	Maximum Number of Retransmissions
	2

	Number of antennas
	1 transmitter, 2 receiver

	Traffic model
	Full queue traffic


Table 1: Simulation Assumptions for Throughput Evaluation

	Parameter
	Assumption

	Cellular layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Minimum distance between UE and cell site
	35 m

	Antenna pattern
	70-degree sectored beam

	Total BS Tx power
	43 dBm for 5 MHz, 46 dBm for 10 MHz

	Distance dependent path loss
	128.1 + 37.6log10(r)

	Penetration loss
	20 dB

	Shadowing standard deviation
	8 dB

	Shadowing correlation between cells / sectors
	0.5 / 1.0


Table 2: System Simulation Parameters for Macro-Cell Deployment 
3. Geometry Distribution
The geometry distribution of UEs can serve to provide some insight to the allocation requirements of frequency sub-bands to UEs near the cell edge and to the potential gains of ICI mitigation through frequency coordination. In order to improve the cell edge throughput and the performance of techniques such as MIMO, it is desirable to make as large as possible the maximum geometry of UEs benefiting from ICI mitigation. Naturally, since the frequency sub-bands reserved for cell edge UEs need to be different among adjacent cells, this maximum geometry is specified by the available reserved frequency sub-bands in a cell (a maximum of 1/3 of the frequency band for static allocation to more than 1/3 for the semi-static allocation in [1] (depending on the cell edge traffic load and data rate requirements). 
Figure 1 shows the geometry gains and the percentage of cell edge UEs with frequency coordination for ICI avoidance among adjacent cells for 10 MHz bandwidth. A UE may be considered to be a cell edge one and be therefore protected by adjacent cell ICI if its geometry is smaller than a certain value with such indicative values being 0 dB, 3 dB, and 6 dB. It is moreover assumed that softer handoff is not applied, i.e. transmission from other sectors in the same cell is accounted as interference. Clearly, softer handoff will further improve cell edge performance.
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Figure 1: Geometry CDF with and without adjacent cell ICI Mitigation.

Observe that about 34%, 51%, and 65% of UEs on average have geometries below 0 dB, 3 dB, and 6 dB, respectively, if adjacent cell ICI avoidance is not applied. ICI avoidance through frequency coordination will require, on average, a corresponding percentage of the frequency band. Individual realizations may require a larger or smaller percentage of the total frequency band. Static frequency coordination through soft frequency reuse with maximum factor of 1/3 will be able to provide, on average, sufficiently good ICI avoidance to UEs with maximum geometry of 0 dB but cannot provide effective resource allocation for larger maximum geometries. A semi-static approach exploiting varying UE populations and/or data rate requirements near the cell edge among adjacent cells can extend ICI avoidance to UEs with geometries below 3 dB and occasionally to UEs with geometries below 6 dB. 
4. Throughput Performance
The cell edge, cell interior, and total cell average throughput are evaluated for maximum geometry values of 0 dB and 3 dB, prior to adjacent cell ICI avoidance, of cell edge UEs to which frequency coordination is applied. For static frequency coordination with maximum soft reuse factor 1/3, the frequency sub-bands allocated to cell edge UEs can be up to 1/3 of the total frequency band. For semi-static frequency coordination, the percentage of frequency sub-bands allocated to cell edge UEs is assumed to equal the percentage of such UEs relative to the total number of UEs in the sector and may become larger than 1/3. 
Frequency sub-band allocation to UEs depending on their location can be consecutive (localized) or non-consecutive (distributed). The definition of sub-bands is based on localized scheduling. For example, assume that 1/3 of UEs are cell edge ones and there are 15 sub-bands (sub-band bandwidth of 600 KHz). With localized allocation the first 5 sub-bands are allocated to cell edge UEs. With distributed allocation, the sub-bands 1, 4, 7, 10, and 13 are allocated to cell edge UEs.

The cell edge throughput gains of semi-static frequency coordination are also evaluated relative to the case of no ICI mitigation. Because of frequency scheduling and intra-cell orthogonality, the cell edge throughput for the OFDMA downlink without ICI mitigation is larger than that for Release 6 HSDPA (notice that for the current setup with 1 Tx and 2 Rx antennas, even “textbook” OFDM achieves about 20% larger throughput than Rel. 6 HSDPA). Therefore, the EUTRA requirement for 2-3 times cell edge throughput improvement relative to Release 6 HSDPA is certainly achieved if a corresponding improvement over the case of no ICI mitigation is achieved through semi-static frequency coordination.
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Figure 2: Edge, Interior and Total Sector Average Throughput with Adaptive Maximum Soft Frequency Reuse Factor and Without ICI Management. Maximum Geometry of Cell Edge UEs is 0 dB.
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Figure 3: Edge, Interior and Total Sector Average Throughput with Adaptive Maximum Soft Frequency Reuse Factor and Without ICI Management. Maximum Geometry of Cell Edge UEs is 3 dB.
Figures 2 and 3 show, respectively, the cell edge, cell interior and total cell average throughput with adjacent cell ICI avoidance through semi-static frequency coordination and without any ICI mitigation for localized sub-band allocation and localized scheduling over 15 sub-bands (600 KHz) and 30 sub-bands (300 KHz). For UEs with geometries less than 0 dB (3 dB), the throughput is improved by a factor of about 2.7 (2.35), thereby satisfying the EUTRA requirement [5]. These gains will be further enhanced with MIMO as the performance of such schemes benefits from the improved geometry for cell edge UEs. 
Moreover, notice that if ICI avoidance can be extended to UEs with geometries less than 3 dB, there is a noticeable improvement in the total cell throughput as the proportional fair scheduler allocates resources less frequently to low SINR UEs (smaller gains are obtained if ICI avoidance is applied to UEs with geometries less than 0 dB).
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Figure 4: Edge, Interior and Total Sector Average Throughput with Adaptive and Fixed 1/3 Maximum Soft Frequency Reuse Factor. Maximum Geometry of Cell Edge UEs is 0 dB. Distributed Sub-Bands.
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Figure 5: Edge, Interior and Total Sector Average Throughput with Adaptive and Fixed 1/3 Maximum Soft Frequency Reuse Factor. Maximum Geometry of Cell Edge UEs is 0 dB. Localized Sub-Bands.

Figures 4 and 5 show the edge, interior and total sector average throughput for 15 and 30 sub-bands and localized and distributed allocation, respectively, with semi-static and static frequency coordination for adjacent cell ICI avoidance. UEs belonging to the cell edge are defined as the ones with geometry smaller than 0 dB. Using the RNC to adaptively specify the maximum soft frequency reuse factor in each cell (semi-static coordination) provides 10%-15% average throughput gain over the static option for cell edge UEs. The throughput gains for individual UE realizations ranged between 0% and >20%.  

The relative quality of service among cell edge and cell interior UEs is better with semi-static frequency coordination as the latter have only 1.55-1.7 times better throughput as opposed to 1.8-2.0 time better with static coordination. This assumes same loading among cells and same data rate requirements at the cell edge and therefore the previous throughput gain factors for cell interior UEs represent a maximum for the semi-static approach and a minimum for the static one.
For each of the examined cell areas, the throughput is virtually identical for localized and distributed allocation of individual frequency sub-bands. Therefore, the reserved frequency sub-bands for cell edge UEs, based on localized scheduling, can be consecutive (localized) or non-consecutive (distributed). 
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Figure 6: Cell Edge, Cell Interior and Total Cell Throughput with Adaptive and Fixed 1/3 Maximum Soft Frequency Reuse Factor. Maximum Geometry of Cell Edge UEs is 3 dB. Localized Sub-Bands.
Figure 6 shows the cell edge, cell interior and total cell average throughput for 15 and 30 sub-bands, respectively, localized sub-band allocation, with semi-static and static frequency coordination for adjacent cell ICI avoidance. UEs belonging to the cell edge are defined as the ones with geometry smaller than 3 dB. Results with distributed frequency sub-band allocation are practically identical to the ones with localized and are not shown for brevity.

Adaptively specifying the maximum soft frequency reuse factor in each cell (semi-static coordination) provides 45%-50% average throughput gains for cell edge UEs over the fixed 1/3 maximum option (static coordination). For individual realizations, the gain may become as high as 70%. Moreover, the relative quality of service among cell edge and cell interior UEs is further improved as the latter have only 1.4-1.5 times better throughput with semi-static frequency coordination. The corresponding values with static one are 2.75-2.8. 
Total sector throughput with static frequency coordination is somewhat larger since cell edge UEs having lower geometries are scheduled based on a smaller total size of frequency sub-bands. This results to gains for cell interior UEs at the expense of the more sensitive cell edge UEs.
5. Summary and Conclusions
We have presented the edge, interior, and total cell average throughput with the semi-static frequency coordination method for ICI mitigation described in [1], the static frequency coordination with maximum reuse factor 1/3, and without ICI mitigation. The throughput results show the following

a) Semi-static frequency coordination for ICI mitigation improves cell edge throughput over no ICI mitigation by a factor of 2x-3x. These gains will be even larger for MIMO schemes as they benefit from the improved geometries and even larger in comparison with Rel. 6 HSDPA. This satisfies or exceeds the EUTRA requirement [5] (as “textbook” OFDM already provides throughput gains over Rel. 6 HSDPA). Further improvements to cell edge and overall throughput may be achievable with Node B transmit power boosting as well as the application of intra-cell handoff.
b) Semi-static frequency coordination can provide significant cell edge throughput gains over static frequency coordination with maximum reuse factor 1/3. These gains depend on the traffic load and data rate requirements at the network cell edges. For the worst case of same data rate requirements, the improvement ranges on average from a minimum of 10%-15% for similar traffic loads to more than 50% for unequal traffic loads. Individual realizations may have even larger gains.

c) Semi-static frequency coordination decreases the quality of service discrepancy between cell edge and cell interior to a maximum of 1.55. With static frequency coordination the minimum discrepancy is 1.8. These values assume equal traffic loads and rate requirements at each cell edge. This service discrepancy may further decrease will Node B transmit power boosting.
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