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Introduction

Frequency reuse is often used in interference limited systems to improve channel C/I, hence improving link reliability at cell edge. The resulting channel quality improvement, however, comes at a cost of bandwidth reduction, which is not necessarily a good capacity tradeoff. For example, a system with 1/3 frequency reuse needs to improve a UE’s spectral efficiency by 200% to achieves the same throughput as a 1/1 reuse system. According to the AWGN capacity formula, a 200% spectral efficiency gain requires at least 5 dB gain in C/I in the linear regime, and each bps/Hz improvement in the nonlinear regime asymptotically requires 3 dB gain in C/I.
In this contribution, we describe a fractional frequency reuse (FFR) scheme to enhance the edge rate for the downlink of an OFDMA system. While the main objectives are to improve edge UE performance, FFR could also be used to provide QoS differentiation and to provide MIMO UE high performance even at moderate C/I. 
The outline of the document is as following. First the concept of fractional frequency reuse is described in the context of inter-cell interference reduction. The geometry improvement and capacity loss of a simple static FFR algorithm will be used to illustrate the C/I and capacity tradeoff. Then the fairness issues of FFR will be discussed and a dynamic FFR scheduler is introduced for downlink scheduling. Numerical results will be presented to illustrate the full-buffer performance of FFR schemes on DL. Further generalization of FFR to MIMO, soft(er) handoff, UL transmission and asynchronous system will also be briefly discussed.
Fractional Frequency Reuse Concept
A fractional frequency reuse (FFR) scheme is a frequency reuse scheme with reduced bandwidth overhead compared to traditional frequency reuse schemes. Unlike the case of traditional reuse schemes, where the same frequency is only used in 1 out of 3, 7 or 12 cells (cells), fractional frequency reuse allows UEs in different channel condition to enjoy different frequency reuse. 
Before going into the details of FFR, let us define a terminology used in frequency planning: cell coloring. In a frequency planning scheme, cells are colored such that no neighboring cells share the same color. Note that the same set of frequency tones are used in cells of the same color. 
In a static fractional frequency reuse scheme, each UE is associated with a particular frequency reuse plan that corresponds to a frequency “reuse set”. A reuse set is defined as the set of cell colors associated with the strongest neighboring cells. In Figure 1, the reuse sets of a few UEs are illustrated for a 3 cells per Node B deployment. In Figure 1, the UE denoted by a blue dot has reuse set (1) since its serving cell of color 1 is much stronger than any other cells. The two UEs denoted by squares at the edge of cells 1 and 3, have reuse sets (1, 3) and (3, 1), respectively since both cell 1 and 3 are received strongly by these UEs. The UE denoted by triangle has reuse set (1, 2, 3) since cells of all three colors are received strongly. 

Figure 1 Sector layout and FFR reuse set assignment where  
[image: image1] denote a UE with reuse set (1), 
[image: image2]  denote a UE with reuse set (1,3), 
[image: image3] denote a UE with reuse set (1, 2, 3) and 
[image: image4] denote a UE with reuse set (3,1). Note that the bold faced font denotes serving cell color.

The goal of FFR design is to deploy frequency patterns such that a UE can avoid interfering or being interfered by non-serving cells in its reuse set. Since cells in the reuse set are those that contribute most significantly to the overall interference on DL, avoiding interference from these cells is expected to effectively reduce the interference.

One exemplary FFR frequency plan with 3 color sectorization is as the following: 

1. Let ( denote the overall spectrum and ( denote the empty set. Define three over lapping frequency sets, F1, F2 and F3 ( (, where |Fi( Fj| ( (, for i,j ( {1, 2, 3} and |F1( F2( F3| = (. The spectrum allocation is illustrated in Figure 2. 

2. For UEs served by cell of color i, only frequency tones that belong to the frequency set ( \Fi are used. If a neighboring cell of color j is added to the reuse set of a UE, the UE’s frequency tones are further restricted to (( \Fi) ( Fj. If a third cell is added to the reuse set, say k, then the frequency tones are further restricted to (( \Fi) ( Fj( Fk. The mapping from the reuse set to the allowed frequency set is shown in Table 1.


[image: image5]
Figure 2 Frequency allocation for FFR scheme with maximum reuse set size 3. Note that ( denote the overall spectrum and Fi denote the unused frequency set in cell i.
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	Restricted usable set with no interference from cell 3
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	More restricted usable set with no interference from cells 2 & 3
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	Main/unrestricted usable set for cell 2
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	Restricted usable set with no interference from cell 1
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	Restricted usable set with no interference from cell 3
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	More restricted usable set with no interference from cells 1 & 3
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	Main/unrestricted usable set for cell 3
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	Restricted usable set with no interference from cell 1
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	Restricted usable set with no interference from cell 2
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	More restricted usable set with no interference from cells 1 & 2


Table 1 Mapping between reuse sets and the usable frequency set.

Frequency tones assigned to a UE according to FFR are never used by non-serving cell(s) in this UE’s reuse set. According to Table 1, a UE with reuse set (1,3) is allocated frequency tones in F3\(F1(F3) and all UEs with cell 3 as serving cell only use frequency tones in (\F3. These are mutually disjoint frequency sets, hence UEs with reuse set (1,3) will not be interfered by cell 3. In general, UEs whose frequency tones are allocated according to FFR are immune to inter-cell interference from the strongest interfering cells on DL.
The interference experienced by a UE on DL decreases as the size of the reuse set increases. Note that a larger reuse set size implies a higher bandwidth partial loading factor, hence smaller usable bandwidth given fixed amount of total resources. As shown in Figure 3, a UE x with reuse set size 3 is not interfered by any cells in the first tier neighbors, i.e., 1/3 reuse; a UE with reuse set size 2 is not interfered by the dominant interfering cells in the first tier neighbors, i.e., 2/3 reuse that avoids the most dominant interfering cell; a UE x with reuse set size 1 is not interfered by transmissions to UEs handing off to the serving cell of UE x, i.e., 1/1 reuse that avoids high power transmission to edge UE in a power controlled system.
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[image: image18]             
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(a) Reuse set (1, 2, 3)












(b) Reuse set (1,2)
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(c) Reuse set (1) 

Figure 3 Examples of interference experienced by UEs with different reuse set size, where other UEs in the blue shaded areas are served over frequency tones orthogonal to UE x. 
Static FFR Reuse Set Management
Static FFR algorithm is defined in this contribution as version of FFR where each UE is associated to a fixed reuse set for a duration beyond the transmission of one physical layer packet. In one example, UEs report DL pilot measurements from neighboring cells to the serving Node B and the Node B assigns/updates reuse set of UEs according to the pilot measurements. The rest of this section describes one exemplary reuse set management algorithm and the resulting performance tradeoffs.
The reuse set assignment decision could be based on the potential geometry improvement if a UE is assigned to certain reuse set. Since not all UEs benefit the same from frequency reuse, edge UEs are more likely achieve large geometry gain compared to center UEs. The geometry estimate for universal reuse is defined as 
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where Cserving is the pilot strength of serving cell, Cnon-serving is the pilot strength of any acquired non-serving cell, and N is the noise power, which include both thermal noise and pilot interference from cells not acquired by the UE. Note that pilot on pilot is assumed in this computation. Estimate of improved geometry for a UE with reuse set (i, j) is defined as 
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where the interference from cells with color j is avoided. Since high C/I UEs do not benefit as much from C/I improvement compared to low C/I UEs, it is often more desirable to assign UE to reuse set based on the spectral efficiency improvement.
In Figures 4 and 5, geometry distribution for a universal reuse scheme, a fixed 1/3 reuse scheme, and FFR schemes of different parameters are compared for scenario 1 and 3 defined in [1]. Since scenario 1 corresponds to interference limited micro cell deployment and scenario 3 corresponds to thermal limited macro cell deployment, frequency reuse schemes are shown to have larger geometry improvement in scenario 1 than in scenario 3. In both cases, FFR scheme is shown to offer flexible tradeoff of bandwidth partial loading and geometry improvement.
The impact of frequency reuse on DL edge rate and average cell throughput can be formulated based on some capacity calculation. The spectral efficiency of a UE at geometry G can be approximated by:
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where ( is the gap to capacity due to coding and channel estimation, Nr is the number of receivers antennas, CM is the constrained capacity of a Rayleigh fading channel corresponding to the modulation format M that is being used. Assuming a round robin scheduler is used, the average cell throughput is given by
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where ( is the partial loading factor due to frequency reuse, i.e., the fraction of bandwidth that is not used in each cell. f(G) is the reuse geometry PDF resulting from FFR reuse set assignment.
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Figure 4 Geometry distribution of frequency reuse schemes with different partial loading factors for scenarios 1 defined in TR25.814.
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Figure 5 Geometry distribution of frequency reuse schemes with different partial loading factors for scenarios 3 defined in TR25.814.
The capacity formula derived above is used to compute the spectral efficiency of 5% CDF UE and the average cell throughput for different frequency reuse schemes. The results for dual Rx receivers are listed in Table 2 and 3.  Note that the gap to capacity is assumed to be 3 dB and the constrained capacity of 64 QAM is used. 
In Table 2, it was shown that in scenario 1 the fixed 1/3 reuse improves the edge spectral efficiency to 2.17 times the 1/1 reuse edge spectral efficiency while reducing cell throughput to 51% of the 1/1 reuse cell throughput. FFR schemes with different partial loading factors are shown to improve the edge rate from 1.33 to 2.05 times the 1/1 reuse edge rate while reducing cell throughput to 68% to 94% of the 1/1 reuse cell throughput.
 In Table 3, it was shown that in scenario 3 the fixed 1/3 reuse improves the edge spectral efficiency to 1.55 times the 1/1 reuse edge spectral efficiency while reducing cell throughput to 47% of the 1/1 reuse cell throughput. FFR schemes with different partial loading factors are shown to improve the edge rate from 1.30 to 1.59 times the 1/1 reuse edge rate while reducing cell throughput to 63% to 92% of the 1/1 reuse cell throughput.
	
	FFR 11% PL
	FFR 22% PL
	FFR 33% PL
	FFR 50% PL
	Fixed 1/3 Reuse

	( / (reuse 1/1
	0.94
	0.89
	0.79
	0.68
	0.51

	r(5%) / rreuse 1/1 (5%)
	1.33
	1.50
	1.68
	2.05
	2.17


Table 2 Normalized average cell throughput and 5% CDF UE spectral efficiency for scenario 1 defined in TR25.814. Dual Rx diversity is assumed.
	
	FFR 11% PL
	FFR 22% PL
	FFR 33% PL
	FFR 50% PL
	Fixed 1/3 Reuse

	( / (reuse 1/1
	0.92
	0.87
	0.74
	0.63
	0.47

	r(5%) / rreuse 1/1 (5%)
	1.30
	1.31
	1.52
	1.59
	1.55


Table 3 Normalized average cell throughput and 5% CDF UE spectral efficiency for scenario 3 defined in TR25.814. Dual Rx diversity is assumed.
One limitation of the static FFR algorithm is the limited number of carriers in each reuse set, hence limiting the peak rate in each reuse set and reducing the trunking efficiency of overall system. Another practical limitation is the difficulty in managing fairness and QoS of different reuse sets. The number of UEs admitted into each reuse set has to reflect the QoS and channel condition of UEs and available bandwidth in each reuse set. These problems can be addressed by a dynamic FFR scheduler.

Dynamic FFR Scheduler
In 3G networks, the fairness among DL data UEs can be enforced by a centralized scheduler. In a network where the forward link transmissions to UEs are time multiplexed, the UE with the highest scheduling metric will be scheduled for transmission over the scheduling time slot. The scheduling metric is usually computed based not only on the fairness metric but also the channel desirability to take advantage of the multi-UE diversity (MUD). Let (i denote the throughput of UE i filtered over the fairness time window.  Let 
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 denote the instantaneous and filtered (same time constant as the fairness filter) spectral efficiency of UE i. The fairness metric fi is given by
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for an EGoS scheduler and 
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for a proportional fair scheduler. The channel desirability metric is given by 
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The scheduling metric could be calculated as the product of the fairness metric and the channel desirability metric as given by
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An example of a dynamic FFR algorithm is implemented as a form of channel desirability. The FFR channel desirability is designed to exploit the channel conditions differences over FFR frequency sets (U1, U1-2, U1-3, U1-2,3 in cells of color 1) with different reuse pattern. For example, a UE served by a cell of color 1 will be exposed to different interference levels over frequency set 
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, which is in 2/3 reuse that notches out interference from all cells of color 2 (see Table 1). For each frequency set j, the channel desirability factor of UE i is given by
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where 
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 is the instantaneous spectral efficiency of UE i over frequency set j, and 
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 is the filtered spectral efficiency of UE i averaged over all the FFR frequency set. The average spectral efficiency could be calculated as the algebraic average of the filtered spectral efficiency 
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 over each FFR frequency set Uj or the weighted average of |Uj|
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, where |Uj| denote the size of Uj. In the example shown in Table 1, there are 4 usable frequency sets in each cell.
The overall reuse set desirability factor of UE i is given by
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where the maximization is carried out over non-restricted frequency sets that are not already fully scheduled. The overall FFR scheduling metric is given by 
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For each time slot, the scheduler ranks the scheduling metric and assigns the top UE appropriate number of subcarriers in his winning frequency set. The scheduled subcarriers are then excluded from the free frequency set and metrics are recomputed for UEs who not already scheduled. This process is iterated until all subcarriers are assigned.

The bandwidth partial loading penalty of FFR can be alleviated by proper power controlled transmission over the restricted frequency set. Frequency reuse can be considered as an extreme version of power control, where no power is transmitted on the restricted frequency set. In FFR implementation, UEs in good channel condition could be scheduled over the restricted set with much lower transmitted power. The interference caused by these UEs to UEs served by other cells are limited by the lower transmit power but the received power will still be high enough for successful decoding.

Full buffer simulations of a dynamic FFR scheduler are performed according to TR25.814. Note that no reduced power transmission over the restricted set is assumed in the following example. The throughput, packet error rate and 5% user spectral efficiency are listed in Table 4 to 7. For proportional fairness scheduling metric, the 5% user spectral efficiency is shown to increase up to 100% as the partial loading factor increases. The sector throughput is shown to increase slightly with FFR partial loading factor of 11% then decreases as the partial loading factor increases. Compared to static FFR reuse set management, the dynamic FFR scheduler is shown to significantly reduce the sector throughput penalty of frequency reuse.
	
	1/1 Reuse
	FFR 

11% PL
	FFR 

22% PL
	FFR 

33% PL
	FFR 

50% PL

	Sector Throughput

(kbps)
	7104
	7215
	6930
	6541
	5418

	PER (%)
	<1
	<1
	<1
	<1
	<1

	5% User Spectral Efficiency (bps/Hz)
	0.59
	0.75
	0.81
	1.0
	1.18


Table 4 Proportional fairness full buffer simulations for scenario 1 defined in TR25.814. Dual Rx diversity is assumed.

	
	1/1 Reuse
	FFR 

11% PL
	FFR 

22% PL
	FFR 

33% PL
	FFR 

50% PL

	Sector Throughput

(kbps)
	6936
	6871
	6471
	5993
	4628

	PER (%)
	<1
	<1
	<1
	<1
	<1

	5% User Spectral Efficiency (bps/Hz)
	0.57
	0.61
	0.62
	0.67
	0.70


Table 5 Proportional fairness full buffer simulations for scenario 3 defined in TR25.814. Dual Rx diversity is assumed.

Discussion

FFR could also be applied on UL to reduce the interference from the most dominant interferers to a cell. In the case of inaccurate serving cell selection or handoff delay, power control might not be enough to stabilize the interference over UL. The transmission of handoff UEs could be orthogonalized with the cell being interfered. 
FFR techniques are applicable to both OFDMA and FDMA UL waveforms such as LFDMA and IFDMA. For IFDMA, one example of FFR frequency reuse set partitioning could be achieved using frequency interlacing structure. In Figure 6, the reuse set partitioning of the 64 frequency tones of an IFDMA system is shown for an FFR scheme with 25% partial loading, where the 011 reuse set correspond to the restricted frequency set in sectors of color 1. For LFDMA, one example of FFR frequency reuse set partitioning could be achieved using contiguous frequency allocation. In Figure 7, the reuse set partitioning of the 64 frequency tones of an LFDMA system is shown for an FFR scheme with 25% partial loading, where the 011 reuse set correspond to the restricted frequency set in sectors of color 1.
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Figure 6 Uplink frequency reuse set partitioning for IFDMA.
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Figure 7 Uplink frequency reuse set partitioning for LFDMA.
Spectral efficiency improvement of FFR is often limited by the logarithm capacity function of SISO links at high C/I. Improvement in C/I can be more efficiently translate into capacity gain over MIMO links, where improved C/I translates into improved capacity over channels of higher dimensions. 

FFR could be implemented as a intra-NodeB interference avoiding technique without global frequency planning. In an interference-limited system, the cell edge UEs often have the worse geometry in a system. FFR could potentially alleviate the intra-Node-B interference by orthogonalizing handoff UE transmissions.

Conclusions
Fractional frequency reuse concept is discussed for OFDMA and FDMA based E-UTRA. 
The DL edge rate improvement and system capacity tradeoff are numerically evaluated for a static FFR algorithm. It was shown that the fixed 1/3 reuse improves the edge spectral efficiency to 2.17 times the 1/1 reuse edge spectral efficiency for an interference limited system while reducing cell throughput to 51% of the 1/1 reuse cell throughput. FFR schemes with different partial loading factors are shown to improve the edge rate from 1.33 to 2.05 times the 1/1 reuse edge rate while reducing cell throughput to 68% to 94% of the 1/1 reuse cell throughput. An example of dynamic FFR scheduler is described and the full-buffer simulation results are presented. Compared to static FFR reuse set management algorithms, the dynamic FFR scheduler is shown to significantly reduce the sector throughput penalty while maintaining the same edge rate enhancement. FFR could be implemented as a intra-NodeB interference avoiding technique without global frequency planning and without Node B synchronization. The concept of FFR is also discussed in the context of MIMO and UL OFDMA/FDMA transmissions.
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