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1
Introduction
At RAN1#67 it was agreed that interference measurement will be enhanced in Rel-11 by allowing for a UE-specific configuration of certain REs for this purpose.  This contribution provides our views on several remaining issues, such as the granularity of the interference measurement resource (IMR), whether it can be composed of NZP-CSI-RS resources as well as the definition of resource-restricted feedback in combination with IMRs. 

Other contributions related to the CoMP feedback framework include [1] – [5].  Other CoMP related aspects are addressed in companion papers [6]-[9].
2
IMR resource element density
This section evaluates how the number of resource elements composing an IMR affects interference measurement accuracy and thus CSI feedback reporting performance.  The study is motivated by the fact that CSI-RS is a low-density reference signal which may negatively affect interference estimation and ultimately feedback accuracy. 

2.1
System-level evaluation model 

To study the tradeoff between accuracy and overhead, we assume that a UE can be configured to estimate interference on specific zero-power CSI-RS resources set aside by the network.  Focusing on PRB r for a specific UE configured to use a zero-power CSI-RS configuration for interference estimation, the vector of received samples (one sample per receive antenna) can be expressed as
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where
· m denotes the RE index within the PRB. Only the REs available for interference measurements will be considered.
· l is the point index (we assume that the summation is over all points in the network, although in practice it excludes those points which re-use the considered zero-power CSI-RS configuration).
· Hl,m: channel matrix from cell l to the considered UE, on RE m.
· Ul: precoding matrix employed by point l, where the number of columns equals the number of transmission layers.

· xl.m: transmission symbols (assumed zero-mean, independent and identically distributed Gaussian random variables).
· wl.m: white noise Gaussian samples.
The PRB superscript (r) has been dropped because we assume that, for the sake of interference measurements, PRBs are treated independently by the UE (but of course frequency-domain averaging will take place, for instance by averaging spectral efficiencies).
Estimation of the interference covariance matrix can be carried out according to
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where M denotes the number of REs available for interference measurement in a PRB. We assume that all the CSI-RS antenna ports can be used for interference measurement, thus for instance M=4 when 4 CSI-RS antenna ports are employed. Note that no time-domain interference averaging is assumed. It can be shown that the above estimator converges to the perfect estimate when M grows to infinity.
2.2
Throughput impact of limited IMR granularity

The throughput performance experienced by UEs in a heterogeneous system with uniform UE dropping has been evaluated through computer simulations, for different numbers of REs per PRB devoted to interference measurement, i.e., as a function of parameter M. A detailed list of simulation assumptions is shown in Table 2 in the appendix.  Interference measurement for demodulation is assumed as perfect which reflects the fact that it can be based on a denser reference signal (i.e., CRS or DM-RS).  

Figure 1 shows the user throughput CDFs for various numbers of REs, along with a curve showing the performance for perfect interference measurement. Furthermore, for the sake of clarity, Table 1 reports 5%-ile, median, and mean user throughput for the same cases, along with the relative losses with respect to the performance with perfect estimation.
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Figure 1: UE throughput CDF for different IMR densities
It can be seen that a reduced number of REs per PRB for interference measurement entails significant performance degradation with respect to the case of perfect interference measurement. In particular, assuming the use of a single zero-power CSI-RS configuration and two CSI-RS antenna ports (namely, M=2), the 5%-ile throughput degradation is as large as 18%, while median and mean losses are less pronounced. Note that the curve corresponding to M=1 can be ignored, since even the single zero-power CSI-RS configuration represents two REs due to the CDM structure.  Also, even the minimum zero-power CSI-RS configuration corresponds to M=4. 
Table 1: Throughput degradation due to limited IMR density. 

	
	5% UE 
throughput
[Mbps]
	Median UE throughput
[Mbps]
	Mean UE throughput
[Mbps]

	M=4
	0.526
	-10.0%
	1.426
	-8.5%
	2.609
	-6.2%

	M=8
	0.559
	-4.3%
	1.506
	-3.4%
	2.719
	-2.3%

	M=12
	0.571
	-2.3%
	1.540
	-1.2%
	2.741
	-1.4%

	M=24
	0.574
	-1.8%
	1.551
	-0.5%
	2.766
	-0.5%

	Perfect estimation
	0.584
	1.559
	2.781


Based on the above observations, we make the following proposal:
Proposal 1: 
· Increase density of the zero-power CSI-RS REs used for interference measurement for Rel-11 UEs to improve interference measurement accuracy
· A density of 8REs/PRB achieves the best performance/overhead tradeoff based on system-level evaluation
· If an increased IMR density is not agreeable, a flexible configuration of IMRs could be considered as a compromise proposal, e.g., by aggregating multiple 4-port ZP-CSI-RS resources.  
3
Using NZP-CSI-RS for interference measurement
At RAN1#68bis it was left FFS whether an IMR consists only of ZP-CSI-RS or whether NZP-CSI-RS may be employed as well.  While in general both reference signals could be used for interference measurement, we do not see significant benefit in allowing that both types of reference signals be supported. 
An important consideration in restricting IMRs to ZP-CSI-RS resources is UE complexity.  If an IMR could consist of either NZP or ZP-CSI-RS (or possibly even a combination thereof), UEs would need to support several interference measurement procedures.  In particular, for NZP-CSI-RS, a UE would need to support the ability to accurately measure channel conditions based on the NZP-CSI-RS such as to subtract it from the received signal and form an estimate of the residual interference.  Given the low-density nature of CSI-RS this entails significant complexity and would likely require a larger IMR granularity than if ZP-CSI-RS were used. 
A perceived advantage of using NZP-CSI-RS for interference measurement is the reduction in overhead as the same NZP-CSI-RS resources could be used both for channel and interference measurement (conceptually similar to the way CRS is used for both channel and interference measurement in Rel-10 and earlier releases).  In our view it is, however, not clear whether the use of NZP-CSI-RS would indeed reduce overhead.  In particular, the likely need to significantly increase CSI-RS density as noted above would largely offset any overhead benefits.  In summary we therefore do not see a need for supporting NZP-CSI-RS based interference measurement; IMRs should instead only be composed of ZP-CSI-RS resources.  

Proposal 2: 
· It is unclear whether NZP-CSI-RS based IMRs results in any performance benefits compared to ZP-CSI-RS.  Therefore, IMRs should be restricted to consists of only ZP-CSI-RS resources. 
4
Supporting CSI subframe sets with IMRs

An agreement at RAN1#68bis left open whether a UE may be configured with one or more IMRs in Rel-11.  In our view, this aspect is strongly related to the support of resource-restricted CSI subframe sets which were introduced in the eICIC context in Rel-10.  
The objective of resource-restricted CSI feedback is to allow for CSI feedback under different interference hypotheses.  In a typical macro/pico eICIC deployment, cell-range expansion (CRE) UEs need to provide feedback under separate hypotheses, depending on whether the macro is transmitting or muting on a certain subframe.  It is important not to average across different CSI subframe sets as vastly different interference may be encountered on different subframes.  

Supporting more than single IMR may allow for a similar type of feedback as long as the network ensures that proper interference conditions are created on the configured IMRs.  Similar to Rel-10 eICIC, averaging at the UE would need to constrained to a single IMR. 
In our view the support of multiple IMRs does, however, not result in any apparent system benefits over using CSI subframe sets.  On the contrary, supporting multiple IMRs would only lead to increased UE complexity without providing any new functionality.  We therefore do not see a need to support more than one IMR.  Instead, it is rather straightforward to extend the feature of CSI subframe sets to include IMR-based interference measurement in Rel-11. 

Proposal 3: 

· Support of more than one IMR does not yield any apparent system benefits but only complicates standardization and UE complexity. 

· IMR-based interference measurement subject to resource-restricted CSI subframe sets should be employed instead
5
Conclusions

In this contribution we presented our views regarding interference estimation in support of downlink CoMP: 
Resource element density of IMRs
· Increase density of the zero-power CSI-RS REs used for interference measurement for Rel-11 UEs to improve interference measurement accuracy

· A density of 8REs/PRB achieves the best performance/overhead tradeoff based on system-level evaluation

· If an increased IMR density is not agreeable, a flexible configuration of IMRs could be considered as a compromise proposal, e.g., by aggregating multiple 4-port ZP-CSI-RS resources.  
Using NZP-CSI-RS for interference measurement
· It is unclear whether NZP-CSI-RS based IMRs results in any performance benefits compared to ZP-CSI-RS.  Therefore, IMRs should be restricted to consists of only ZP-CSI-RS resources. 
Supporting CSI subframe sets with IMRs

· Support of more than one IMR does not yield any apparent system benefits but only complicates standardization and UE complexity. 

· IMR-based interference measurement subject to resource-restricted CSI subframe sets should be employed instead
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A
Appendix

The simulation parameters in Table 2 were used for the system level evaluation in Section 2. 
Table 2: Simulation parameters

	Parameter
	Value

	Number of macro cells
	21 cells

	Deployment type
	3GPP Case 1

	Bandwidth
	10 MHz

	RRHs per macro cell
	4

	UEs per macro cell
	25 (config. 1)

	Antennas
	2 Tx, 2 Rx

	Association bias
	18dB 

	ABSs
	37.5% of the total resources

	Scheduler
	PF with outer loops

	Transmission mode
	TM4

	Channel estimation
	Practical

	Interference estimation for demodulation
	Practical, CRS-based

	CSI feedback
	Rel-10 with subframe restriction, subband size: 6 PRBs

	CSI feedback periodicity
	10ms
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