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1. Introduction
A lot of efforts have gone into introducing new interference measurements based on CSI-IM REs in Rel-11. The CSI-IM based measurements replace the previous unspecified mechanism, which in practice meant that UEs were acquiring highly erroneous interference estimates based on CRS REs that see an interference level highly different from the interference level for data on PDSCH. 
With current agreements and specifications, the UE is typically free to measure interference based on any of the CSI-IM resource elements as evident from the excerpt from the CQI definition below:
“Based on an unrestricted observation interval in time and frequency, the UE shall derive for each CQI value reported in uplink subframe n the highest CQI index between 1 and 15…”

The present specifications thus effectively leave it completely unspecified which CSI-IM REs may be used. This is problematic in practice and this contribution therefore discusses ways to more clearly specify the allowed CSI-IM REs for a particular CSI report. 

2. A Clear Specification of what CSI-IM REs to Use
Leaving the CSI-IM REs used for interference measurement completely unspecified leads to inconsistent UE behavior, thereby making it difficult to tune the network operation to achieve maximal performance. For example, some UEs may use aggressive filtering leading to very stable interference estimates regardless of the dynamics of the interference while other UEs may choose to try to better track the interference variations leading to faster time-variations of the interference estimates. Needless to say, this presents major challenges to the ACK/NACK based OLLA whose convergence behavior is highly dependent on the way the interference estimates vary in the CQI estimates. Consequently, it would be highly challenging finding efficient OLLA settings with such inconsistent UE behavior. 
Observation

· It is currently unspecified which CSI-IM REs are used for a particular CSI report leading to inconsistent UE behavior

· Difficult for the network to optimize the performance when inconsistent UE behavior w.r.t. interference averaging is present
With excessive filtering in time domain the CQI is unable to capture the typically rapid changes in interference situation, with lower performance as a result. Similarly, excessive frequency domain averaging risks giving problems with some frequency domain interference coordination schemes.

Observation

· Excessive time domain averaging lowers system performance as the CQI is unable to follow the dynamic variations of the interference

· Excessive frequency domain averaging risks giving problems with some frequency domain interference coordination schemes

To avoid the problems associated with inconsistent UE behavior with respect to interference measurements, the RAN1 specifications need to offer clear guidance on which CSI-IM REs the UE is allowed to use for a particular measurement. Basically, less averaging in time and frequency allows the CQI to more quickly react to changing interference conditions and thus leads to better performance. On the other hand, if too few resources are used, the estimation accuracy with respect to static interference plus noise may not be good enough. Furthermore, considering maintaining flexibility in supported frequency granularity of interference coordination schemes, it appears the frequency granularity would not be limited as long as the interference averaging is kept within a subband. This since the scheduler in the eNodeB can anyway not distinguish between different interference levels at a granularity finer than that of the CQI. With the above in mind, we arrive at the following proposal for clarified specification of interference measurements:

Proposal

· For a particular CSI report, the UE is only allowed to use the CSI-IM REs falling within the subband of the CSI reference resource
· With respect to time domain averaging, consider confining the averaging to at most a limited number of CSI-IM subframes

· preferably only the latest single subframe containing CSI-IM REs in or before the subframe containing the CSI reference resource and which are within the configured CSI-IM REs associated with the CSI process.
3. Discussion
It may seem as if limiting the averaging potential as in the above proposal could lead to worse CQI accuracy and thus hurt performance compared to the present case of an unrestricted set of CSI-IM REs to use. This is however not the case. In RAN4, it has been showed that averaging CSI-IM REs over just two RBs in frequency with no averaging across subframes (i.e., a total of 8 REs are used) fulfills the CQI performance requirements, hence maintaining the performance of CQI [1]. From Figure 1, we can also see that averaging over more than 2, and even more so for 4, RBs of CSI-IM resources does not bring much additional accuracy with respect to mitigating static noise plus interference.
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Figure 1: CDF of estimated interference level for different number of CSI-IM resources.
Observation

· Performance evaluations in RAN4 shows that interference averaging within only 2 RBs is sufficient to fulfill the CQI accuracy requirements

· Diminishing returns on averaging over more than 2 RBs of CSI-IM in static interference plus noise situations
Currently, RAN1 specifications give no guidance to UE vendors over what resources the UE may average interference over. As a result the UE vendor cannot be certain which averaging granularity is appropriate considering its impact on system performance for the multitude of transmission strategies an eNodeB potentially can employ. From that perspective, it appears more reasonable that the eNodeB performs the filtering instead of the UE. Some UE vendors may prioritize frequency domain interference coordination with a minimal frequency granularity of 1 RB, which actually would detrimentally lower the CQI accuracy in plenty of more conventional network transmission techniques. Hence, clearly writing in RAN1 specifications which CSI-IM REs the UE is allowed to use for a particular report may very well, even in the case of totally static interference, have the effect of improving CQI accuracy since the UE vendor does not need to be overly restrictive. With more realistic dynamically varying interference, the performance improves when the averaging is limited as in the proposal as the CQI will better track the varying interference, striking a good compromise between estimation accuracy and tracking behavior.

Observation
· Current situation with no RAN1 guidance on reasonable UE interference averaging interval is undesirable  from performance point of view
· Even in the friendliest scenario towards averaging, i.e., static interference plus noise, some UEs may employ an inadequate amount of averaging in frequency domain just to be sure to align the interference averaging with potential network schemes involving extremely fine granular frequency domain interference coordination
4. Simulation Results

System level simulations were conducted to illustrate how excessive interference averaging across subframes may hurt the system performance for a conventional homogeneous macro deployment operating with per cell scheduling, i.e., the system did not employ CoMP. The eNodeB was equipped with 2 Tx cross-poles and user throughput and served traffic was assessed for a non-full buffer traffic model. The UEs averaged interference over a subband and the resulting interference estimate 
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 for the n:th CSI-IM subframe was filtered in the time domain according to
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where two different levels of forgetting factor α equal to 0 and 0.99, respectively, were used. Further simulations assumptions may be found in the appendix. 

Table 1 shows the performance impact of using excessive time domain filtering. A loss of 19% on cell-edge may be observed compared to the case of no time domain averaging. A substantial drop of 14% in mean user throughput can also be seen. Smaller packet sizes and heterogeneous traffic is expected to further increase the losses.
Observation

· Excessive time domain filtering of interference may lead to a substantial drop in system performance 

Table 1: System level performance with and without time domain filtering.

	Temporal

Filtering
	Served Traffic
	Resource Utilization
	Normalized User Throughput
	Cell-edge Norm. User Throughput

	Forgetting factor
	[bps/Hz/cell]
	Ratio
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	0
	0.79527
	0.58424
	1.0125
	0.00%
	0.20539
	0.00%

	0.99
	0.79135
	0.63495
	0.87219
	-13.86%
	0.16735
	-18.52%


5. Conclusions
This contribution discussed the amount of interference averaging that should be allowed over CSI-IM REs. Based on the discussion and evaluation results we arrive at the following observations and proposals:
Observations

· It is currently unspecified which CSI-IM REs are used for a particular CSI report leading to inconsistent UE behavior

· Difficult for the network to optimize the performance when inconsistent UE behavior w.r.t. interference averaging is present
· Excessive time domain averaging lowers system performance as the CQI is unable to follow the dynamic variations of the interference
· Excessive frequency domain averaging risks giving problems with some frequency domain interference coordination schemes
Proposal

· For a particular CSI report, the UE is only allowed to use the CSI-IM REs falling within the subband of the CSI reference resource
· With respect to time domain averaging, consider confining the averaging to at most a limited number of CSI-IM subframes

· preferably only the latest single subframe containing CSI-IM REs in or before the subframe containing the CSI reference resource and which are within the configured CSI-IM REs associated with the CSI process.
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7. Appendix
Table 2: Simulation assumptions.

	General parameters

	Carrier frequency
	2 GHz

	Bandwidth
	10 MHz

	Macro cell layout
	Hexagonal grid, 3-sector sites,
Non-full buffer: 39 sectors

	Coordination mode
	No CoMP

	Indoor/Outdoor UEs
	80% indoor, 20% outdoor

	Channel model
	ITU Urban Macro with O to I modeling

	Nrof RBs per subband
	6

	Transmission mode
	TM-10

	Control region overhead
	3 OFDM symbols per subframe

	DMRS overhead
	Yes

	Feedback delay
	6 subframes

	Feedback periodicity
	Every 5 subframe 

	Cell selection
	RSRP, 1 dB handover margin

	Traffic model
	Non-full buffer: 100 kB packets

	Scheduling
	Implicit feedback based PFTF

	OLLA
	Yes, 10 % target BLER

	HARQ
	Yes, max 5 retransmissions

	Receiver filter
	MMSE with no inter point IRC

	Feedback modes
	3-1

	UE speed
	3 km/h

	UE antenna configuration
	3D isotropic X pol

	Macro antenna configuration
	3GPP Antenna, 2 Tx cross-pole

	Macro point transmit power
	40 W

	Filtering of CSI-IM based interference measurements
	Averaging of received power within the subband. Temporal filtering based on first order IIR filter with various forgetting factors.
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