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1. Introduction
The spectral efficiency at various points of the UE geometry CDF in EUTRA downlink is presented for the evaluation scenarios in [1] for inter-cell interference management (IM) with soft frequency re-use planning. In addition to IM, performance results with interference cancellation/suppression (IC) are also presented. Unlike IM which captures actual performance, the results with IC (no specific scheme is defined) are intended to provide performance upper bounds by assuming that selected interfering sectors can always be perfectly identified and cancelled. In both cases, the spectral efficiency gain factor is presented relative to the conventional case without IM or IC.

Relative to previous contributions on semi-static IM (e.g. [2]), this one additionally captures the following aspects:

a) 375 KHz resource blocks (RBs) and common MCS among RBs for each UE

b) CQI estimation errors based on actual link level modeling [3]

c) Softer handoff

The operation of semi-static IM relies only on UE provided CQI reports and as such requires no additional signaling. 
For clarity, we focus on fixed (static) soft frequency re-use of 1/3 and uniform UE distribution with the same traffic characteristics. This simple setup avoids any assumptions on the UE or cell traffic distribution. In [2, 4] it was shown that semi-static soft frequency re-use can achieve about 10% larger cell edge throughput even for uniform UE distribution with the same traffic characteristics. For non-uniform UE distribution or different traffic characteristics, semi-static soft frequency re-use substantially outperforms (by as much as 50% or more [2]). Therefore, the results should be interpreted as a lower bound on the achievable cell edge throughput and spectral efficiency. 
The objective of this contribution is to compare the spectral efficiency at the low percentage points of the geometry CDF with and without the suggested interference mitigation methods. The fulfillment of the EUTRA target for 2x-3x improvement in cell edge spectral efficiency [5] is shown to be comfortably met with soft frequency re-use interference management while relying only on IC fails to achieve this goal.
2. Simulation Assumptions
The agreed numerology in [1] is applied. Additional assumptions are given in Table 1. The link simulations providing the MCS SINR-to-BLER mapping for the system simulations used the staggered pilot structure [1] and the mapping accounted for channel estimation errors. Moreover, the exponential effective SIR mapping in [6] was applied to map the channel to an effective SINR and determine the expected BLER from link AWGN curves. In terms of scheduling, multiple resource blocks (RBs) 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 [1]. The reference signal and control channel overhead is assumed to be 30% (~2 OFDM symbols) with frequency dependent scheduling and 15% (~1 OFDM symbol) without frequency dependent scheduling (textbook OFDMA).
	Parameter
	Assumption

	Bandwidth
	10 MHz

	Evaluation Scenarios
	Cases 1, 2, and 3 from [1]

	Reference Signal and Control Channel Overhead
	30% (frequency sched.), 15% (no freq. sched.)

	Channel Model
	TU 12

	Number of Uniformly Distributed UEs
	40

	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, 30 Kmph

	Pilot Overhead
	7.14%

	CQI Reporting delay
	1.0 msec (2 TTIs)

	CQI Measurement
	Actual, based on link simulations

	Scheduling algorithm
	Proportional Fair

	Target BLER
	10%

	Round trip delay in hybrid ARQ
	1.0 msec (2 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 Spectral Efficiency Evaluation.
3. Basic Analysis - Geometry Distribution
The UE geometry CDF can serve to provide substantial insight to the allocation requirements of frequency sub-bands to UEs and to the potential IM or IC spectral efficiency gains. Clearly, the spectral efficiency and throughput gains depend on the geometry gains provided by IM or IC. Figures 1, 2 and 3 show, respectively, the geometry CDF for cases 1, 2, and 3 in [1] for all combinations of softer hand-off (SHO), IC, and IM. The SHO threshold is -3 dB and the interfering sector is assumed to be perfectly identified and cancelled if its total power is at most 3 dB below that of the serving sector (optimistic).
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Figure 1: Geometry CDF for the combinations of softer hand-off, IC and IM for Case 1 of [1].
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Figure 2: Geometry CDF for the combinations of softer hand-off, IC and IM for Case 2 of [1].
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Figure 3: Geometry CDF for the combinations of softer hand-off, IC and IM for Case 3 of [1].

Based on Figures 1, 2, and 3, the following observations can be made:

a) Ideal IC provides about 1.5 dB gain at low geometries (5% CDF) 

b) IM provides about 4.0 dB gain at low geometries (5% CDF)

c) Softer handoff is marginally beneficial without IC or IM and results to about 0.5 dB gain for IM without IC (interference from another same cell sector cannot be avoided with IM)
d) Applying IC with IM offers no benefits other than mitigating the need for softer handoff

The geometry distribution is of course enough to obtain some insight for the spectral efficiency and the corresponding gains with IM or IC by using the approximate capacity formula for a Rayleigh fading channel or its simpler version for a Gaussian channel. However, exact system simulations are also conducted taking into account all actual issues outlined in the introduction. 

Slow power control is implicitly assumed in the generation of the geometry CDF by not including the adjacent cells interference from transmissions to cell interior UEs. This is justified by the path loss characteristics but may be somewhat optimistic, especially for the smaller inter-site distances. Verification of minimal impact is later needed.
The next section shows that the substantially improved geometry CDF of IM is needed to satisfy the EUTRA cell edge spectral efficiency requirements [5]. Apart from the direct implications of the geometry gains on the spectral efficiency by selecting higher MCS, additional benefits include improved CQI estimation (accounted in the results), larger MIMO benefits, etc.   

4. Spectral Efficiency
Spectral efficiency results are provided for the case set in TR 25.814. Figures 4, 5, and 6 show, respectively, the fairness curves for the spectral efficiency (and its magnification for the low CDF points) with IM and IC for cases 1, 2, and 3 [1]. Softer handoff (SHO) is included with -3 dB threshold. 
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Figure 4: Fairness Curves for Spectral Efficiency (and at low CDF points) for Case 1 of [1] with SHO.
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Figure 5: Fairness Curves for Spectral Efficiency (and at low CDF points) for Case 2 of [1] with SHO.
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Figure 6: Fairness Curves for Spectral Efficiency (and at low CDF points) for Case 3 of [1] with SHO.

The theoretical spectral efficiency results that can be obtained with the usual capacity formulas approximate well the gains shown by the actual system simulations. The spectral efficiency values at the low points of the geometry CDF are summarized in Table 2. Although the reference Release 6 with Type I receiver case is not applicable to the operating bandwidth of 10 MHz, its spectral efficiency is comfortably upper bounded (by a large double digit percentage, depending on the channel) by the one for OFDMA without frequency scheduling (textbook OFDMA). Table 3 presents the spectral efficiency gain factors over textbook OFDMA.
Table 2: Spectral Efficiency at 5% and 10% Geometry CDF.
	
	Textbook 5% CDF
	No IM, No IC 5% CDF
	IC, No IM 5% CDF
	IM, No IC 5% CDF
	Textbook 10%CDF
	No IM,NoIC 10%CDF
	IC, No IM 10% CDF
	IM, No IC 10% CDF

	Case 1
	0.39
	0.63
	0.76
	1.18
	0.47
	0.71
	0.87
	1.28

	Case 2
	0.40
	0.63
	0.79
	1.18
	0.47
	0.72
	0.88
	1.29

	Case 3
	0.36
	0.57
	0.65
	0.88
	0.40
	0.65
	0.75
	1.03


Table 3: Spectral Efficiency Gain Factors over Textbook OFDMA at 5% and 10% Geometry CDF.
	
	No IM, No IC 5% CDF
	IC, No IM 5% CDF
	IM, No IC 5% CDF
	No IM, No IC 10%CDF
	IC, No IM 10% CDF
	IM, No IC 10% CDF

	Case 1
	1.6
	1.9
	3.0
	1.5
	1.8
	2.7

	Case 2
	1.6
	2.0
	3.0
	1.5
	1.8
	2.7

	Case 3
	1.6
	1.8
	2.4
	1.6
	1.8
	2.5


The frequency scheduling gains of OFDMA capture a significant part of the E-UTRA 2x-3x spectral efficiency gains at cell edge requirements. As textbook OFDMA substantially outperforms the reference case, the relative spectral efficiency gains of basic OFDMA with frequency dependent scheduling may approach the lower 2x E-UTRA requirement. However, spectral efficiency at cell edge remains substantially below the average one and additional interference mitigation techniques are needed to provide a more uniform UE experience. Ideal IC improves spectral efficiency at cell edge by about 15%-20% but IM provides significantly larger gains of 50%-90%.   
5. Summary on Interference Mitigation and Conclusions
This contribution presented the spectral efficiency with (and without) soft frequency re-use interference management (IM). Results with ideal interference cancellation/suppression (IC) of the strongest interfering sector with total power up to -3 dB below the one of the serving sector were also presented. 
IM meets the E-UTRA requirements in [5] for the cell edge spectral efficiency improvements as it provides gains of 2.5x-3.0x over textbook OFDMA at 5% geometry CDF while ideal IC of the strongest interfering sector typically fails to achieve the lower, 2x, gain requirement. Textbook OFDMA provides a very optimistic upper bound for the reference Release 6 with type I receiver case.
Previous contributions [2, 4] have shown noticeable gains in cell edge throughput, in the order of 10%, for semi-static IM over static one assuming uniform distributions of UEs and data rates in all cells. For non-uniform distributions, semi-static IM may provide cell edge throughput gains as much as 50% or more. Design inefficiencies should be minimized in E-UTRA and a static approach is not adequate as it may frequently lead to substantially sub-optimum utilization of frequency (and, for synchronized networks, possibly time) resources.
Classification of UEs as cell edge or cell interior ones can be based on CQI reporting across the RBs and no new signaling overhead or UE measurements are required to support IM.

Communication of cell edge data rate requirements from each Node B to a central radio resource manager (RRM) server leads to centralized and optimum allocations. Communication among Node Bs to decide on the RB allocations is not desirable as the optimization becomes de-centralized and hence sub-optimum, stability or convergence cannot be ensured, while there has been no analysis or results for such an approach (decisions made by one Node B render past decisions by another Node B sub-optimum, etc.)
As a conclusion, E-UTRA downlink should support semi-static IM based on communication among Node Bs with an RRM server and relying only on measurements already available at the Node B (CQI reporting, handoff measurements, etc.)

It is suggested that the results and conclusions of this contribution are captured in the TR.
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