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1. Introduction
Feedback of CQI from the UEs to the eNodeB allows efficient use of available resources by means of channel dependent scheduling and link adaptation. Although the own channel strength from the serving cell is relatively easy for the UE to measure based on the common RS, the inter-cell interference is considerably harder to estimate. Previous contributions [1]-[3] show that the choice of resource elements (REs) the UEs uses for inter-cell interference estimation has a major impact on the accuracy of the CQI and in the end on the system performance. For example, measuring inter-cell interference based on the first three OFDM symbols is risky since those REs see interference stemming from control channel transmissions [3]. Control channel interference may have vasyl different properties compared to the interference from PDSCH transmissions that are the most relevant. At first sight, using the REs containing RS for inter-cell interference estimation seems like a natural approach but the problem is that those REs see a rather strong interference from RS transmissions in other cells, even if ideally planned frequency-shifted RS are used. As simulation results in [1]
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[2] show, in a lightly loaded network, such RS to RS interference is not representative of the interference seen by the vast majority of the REs that are covered by a PDSCH transmission. The result is highly pessimistic CQI values which translate into a 30-50% median user throughput loss.
In the previous meeting, reference periods for the CQI definition were discussed and in particular whether the UE should perform interference averaging in the time and/or frequency domain to obtain better estimates for the typically highly bursty inter-cell interference. Simulation results in [3] indicated substantial gains when the interference is averaged over the entire bandwidth. The present contribution investigates the use of such interference averaging in the frequency domain and whether it impacts the conclusions on the previously mentioned problem of highly pessimistic CQI due to RS to RS interference.
2. Interference Variations over the Resource Grid
The inter-cell interference typically grows with the traffic load. Hence, in lightly loaded networks and for sufficiently small cells, it should be possible to achieve very high user throughput as there is on average very limited inter-cell interference. However, the interference does not hit the resource elements (REs) uniformly. Taking a synchronized network as example, the RS REs see much stronger interference than the other REs since they are hit by interference from the RS transmissions in other cells and those RS transmissions are always enabled, regardless of system load. Employing frequency-shifted RS helps to some extent but even in an ideally planned such network, interference from cells with the same RS frequency shift is still sufficient to induce rather high interference levels on the RS REs. The interference on the RS REs is in a lightly loaded network thus not representative for the interference seen on the vast majority of REs used in the PDSCH transmission. 
The fact that the SINR may vary considerably from one RE to another may have a profound impact on the CQI reporting accuracy, depending on which REs are used for the interference estimation intended for CQI purposes. If the UEs estimate the inter-cell interference based on the RS REs, the perceived interference level will be much higher than what most of the REs in the PDSCH experience and the UE will thus report highly pessimistic CQI values. This can have a substantial impact on the user rates in networks with low load as we have previously shown in [1][2]. We now present further results where the interference portion of the CQI is averaged over the entire system bandwidth in order to see if this solves the problem of pessimistic CQI values. System simulations were conducted to illustrate the impact on user bit rates of performing the inter-cell interference measurements on various locations within the RE grid. The CDFs of user bit rates for fixed rank transmissions are depicted in Figure 1. A summary of the simulation assumptions is found in Table 1. Compared with using the interference level seen on the data REs, CQIs based on estimating the interference on RS REs are seen to induce approximately up to a 50% loss in median user bit rates, even if ideally planned frequency-shifted RS is used.
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Figure 1: CDF of user bitrates for fixed rank transmission and for various ways of estimating inter-cell interference when performing CQI computation. The interference is averaged over the enitre system bandwsith
Apparently, interference averaging over the system bandwith does not solve the problem of pessimistic CQI values. This is to be expected since the averaged estimate is still based on the wrong REs, and thus pessimistic, if the measurement is performed based on the RS. 

One possibility for obtaining suitable interference measurements is to introduce cell specific holes in the RE grid where the PDSCH is normally transmitted. The position of the holes should hop in a pseudo random and cell specific manner so as to avoid the need of planning and faithfully reflect the various forms of interference the REs in the PDSCH may see. The density of the holes should be sufficiently high to provide reasonable accuracy of the interference measurements while still not introducing substantial overhead increase. A density of 4 such empty REs per RB pair mimics the density of RS on the first OFDM symbol and therefore seems like a reasonable trade-off between overhead and estimation accuracy.  Such a sparse pattern of hoping empty REs can then possibly be used in combination with time and/or frequency domain averaging to get an even more stable and faithful representation of the interference level.

Table 1: Simulation assumptions for user bit rate CDFs.

	Traffic and Mobility Models

	User distribution
	Uniform

	Terminal speed
	3 km/h

	Data generation
	File download traffic model, each user downloads one file of size 2 MBit.

	Radio Network Models

	Distance dependent path loss
	L = 15.3+20+37.6*log(d), d = distance in meters

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	SCM Suburban Macro

	Cell layout
	Hexagonal grid, 3-sector sites, 21 sectors in total

	Inter-Site Distance (ISD)
	500m

	General System Models

	Spectrum allocation
	5MHz

	Base station power
	20W

	Max antenna gain
	14dBi

	Modulation and coding schemes
	QPSK, 16QAM, and 64QAM, Rel-6 turbo codes, rates 0.07 0.09 0.11 0.13 0.16 0.20 0.24 0.29 0.35 0.41 0.49 0.56 0.64 0.72 0.79 0.86 0.91 0.95 0.97

	Channel estimation
	Ideal

	Channel quality estimation
	Measurement period of 5ms, measurement error N(0,0.5) in dB-scale independent between RBs

	Reuse
	Uncoordinated reuse 1

	Traffic load
	User arrival intensity of 0.25 user/s/cell, which together with a file size of 2MBit/user gives an offered load of 0.25*2 = 0.5 Mbps/cell.  

	HARQ
	Yes

	CQI and PMI
	CQI: Interference averaged over system bandwidth

4 RB granularity for CQI and PMI

	Feedback delay
	3 subframes

	E-UTRA Characteristics

	Transceiver antennas 
	2x2 (antenna separation: tx 10 λ, rx 0.5 λ)

	Receiver
	MMSE  

	Scheduler
	PFTF (not important in low load scenario)

	Link adaptation
	Initial MCS selection with BLER target of 10%


3. Summary and Conclusions

As in several past contributions [1]-[3], this contribution discussed the aspect of CQI measurement methodology related to on which REs the UE should measure the inter-cell interference used for CQI computation. Due to SINR levels that vary depending on the REs under consideration, the choice of REs utilized in the inter-cell interference measurement can have great impact on the performance. RAN1 has also discussed the need for interference averaging. Although interference averaging is a promising tool for other purposes, the present contribution provided system level simulation results showing that it does not solve the problem of pessimistic CQI reporting when the UEs measure interference based on the RS REs. Even with interference averaging over the entire system bandwidth and ideally planned frequency shifted RS, system level simulation results indicate up to a 50% loss of median user rates in low system loads compared to a system in which the UE measures the actual inter-cell interference. To ensure that the UEs obtain a more correct picture of the actual interference level, we thus propose the following:

· Empty REs hopping over the RE grid in a pseudo random and cell-specific fashion should be introduced and used for interference estimation in the UE

· An empty RE density of four holes per RB pair seems reasonable to mimic the amount of data available for interference estimation if the UE would perform interference estimation based only on the RS in the first OFDM symbol.

· An even lower empty RE density may be possible if combined with interference averaging
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