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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. Hence, in [7] several interference measurement procedures in support of downlink CoMP were presented, e.g., the use of zero-power and possibly also non-zero power CSI-RS resources for interference estimation. In this case, because of the reduced number of REs available for interference measurement, user throughput degradation is expected.  

Companion papers provide views on CoMP reference signal enhancements [1], [2], and [3].  Aspects related to feedback reporting are discussed in [4], [5], and [6]. 
2
Discussion

In this contribution we consider CSI-RS based enhancements to interference estimation, particularly targeting CoMP operation in heterogeneous networks. In particular, we assume that a UE can be instructed to estimate interference (for CSI reporting) on the resource elements (REs) corresponding to a suitable zero-power CSI-RS configuration provided by the network. If neighboring base stations choose non-overlapping CSI-RS configurations for this purpose, it is possible to make sure that the interference measured by a UE instructed to use a CSI-RS configuration where the serving cell is muting, captures the signal from all the strongest interfering cells. 
Although in principle such interference measurement technique is effective and flexible enough to support downlink CoMP operation, we point out that the low density of CSI-RS signals (namely, 1 RE per PRB per antenna port) may negatively affect the accuracy of interference estimation. In turn, inaccurate estimates entail a reduced-quality CSI feedback and, eventually, a reduced system performance.

The goal of this contribution is to assess the performance degradation, in terms of user throughput, experienced when a limited number of REs per PRB is available for interference measurement. Several different numbers of REs per PRB have been considered in the computer simulations, and the performance is shown to degrade gracefully when the number of REs available for measurement decreases. 
2.1
Model of the interference measurement

Let’s focus on the PRB r for a specific UE being instructed to use a zero-power CSI-RS configuration for interference estimation. The vector of received samples (one sample per receive antenna) reads
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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 cell index (we assume that the summation is over all cells in the network, although in practice it excludes those cells 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 cell 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.
Note that we dropped the PRB superscript (r) 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. We point out that the estimator above coverges to the perfect estimate when M grows to infinity.
3
Performance results
The throughput performance experienced by UEs in a macro-pico heterogeneous layout (uniform distribution) has been evaluated through computer simulations, for different numbers of REs per PRB devoted to interference measurement (M). Table 1 reports a detailed list of simulation assumptions. We remark that the imperfect interference estimation algorithm described in Section 2.1 is used for CSI computation, whereas interference measurement for demodulation is assumed to be based on more dense RS, namely CRS (e.g., in TM4) or UE-RS (e.g., in TM9). 
Table 1 – Simulation parameters

	Parameter
	Value

	Macro eNBs
	7 ((21 sectors)

	Deployment type
	3GPP D1

	Bandwidth
	10 MHz

	Picos per macro sector
	4 (uniform distribution – config1)

	UEs per macro sector
	25 (uniform distribution)

	Antennas
	2 TX, 2 RX

	Range expansion HO bias
	18dB toward picos

	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


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 2 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 User throughput CDF for different interference estimation resource densities
As it can be seen, a reduced number of REs per PRB for interference measurement entails significant performance degradation with respect to the case of perfect interference measurement or anyway large number of available REs. 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 17.6%, 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. 
Besides the throughput, we also considered the mean number of transmission attempts throughout the simulation. We point out that the eNB scheduler implements outer loops targeting a mean number of attempts of 1.1. In Fig. 2, the CDFs of the mean number of attempts for several values of M are shown. As it can be seen, the less accurate is the interference estimation, the higher is the mean number of transmissions. In particular, for very few REs/PRB available for interference measurement, the mean number of transmissions is significantly off from the target one for the majority of the UEs.
Table 2 – Throughput in Mbps
	
	5%-ile
	Median
	Mean

	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


[image: image4.emf]1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Mean number of transmission attempts

CDF

 

 

 M = 1 RE/PRB

 M = 2 REs/PRB

 M = 4 REs/PRB

 M = 8 REs/PRB

 M =12 REs/PRB

 M =24 REs/PRB

perfect estimation


Figure 2  Average number of transmission attempts for different interference estimation resource densities
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, the smallest zero-power CSI-RS configuration corresponds to M=4.
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, according to at least one of the following approaches:

· Increase CSI-RS antenna ports for the special CSI-RS configuration(s) employed by UEs for interference measurement.

· Signal multiple different CSI-RS configurations to the UE for interference measurement and allow the UE to use all of them for measuring the interference.

· Introduce new special CSI-RS configurations with increased density (i.e., more than one RE per PRB per antenna port) for the sake of interference measurement by Rel-11 UEs.
4
Combined CRS/CSI-RS based interference measurement
We consider targeting CoMP operation in heterogeneous networks.  In such scenarios, it may be beneficial to allow for a combination of CSI-RS and CRS based interference estimation.  This is motivated by the tight coordination within a CoMP cluster versus the limited coordination across CoMP clusters. 

For illustration, an example scenario is shown in Figure 3.  It consists of a CoMP cluster A composed of a macro (“Macro A”) and two RRHs, “RRH A.1” and “RRH A.2.”  The macro of a neighboring CoMP cluster “Macro B,” creates non-negligible interference across the cluster boundary. 

Three UEs are shown in this setup, one associated with each of the macro and RRHs, respectively.  Interference estimation can be tailored for each of these separately and the network’s knowledge of scheduling decisions throughout the CoMP cluster can be exploited to refine the way interference estimates are used at the network’s side. 
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Figure 3  Illustration of the heterogeneous deployment

CSI-RS based interference measurements are based on zero-power CSI-RS resources.  When a UE is configured with such resources, its PDSCH transmissions are rate-matched around these resources creating a set of muted REs.  In Rel-10, this concept was introduced primarily in support of improving channel estimation performance for actual CSI-RS transmissions of neighboring transmission points.  However, given the current HetNet CoMP discussions, the muted REs may also be exploited for interference measurement by having a UE measure interference on those muted resources. 

An example configuration is shown in Figure 4, where UE1 through UE3 correspond to the UEs shown in Figure 3.  All are assumed to be part of the same CoMP cluster.  From Figure 4, we see that each of these UEs (all of which are associated with different transmission points) are configured with separate zero-power CSI-RS resources.  In Figure 4, a four port pattern is shown for example, although other CSI-RS configurations could also be considered.  The separately configured muted REs can be used to measure the PDSCH interference from adjacent transmission points.
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Figure 4: Configuration of zero-power CSI-RS for purpose of interference measurement

It should be noted that the above approach to interference estimation is expected to be particularly effective within a CoMP cluster as the cluster’s scheduler is able to schedule PDSCH transmissions of neighboring points such that the UE’s interference measurement on the muted REs will be representative of its performance when scheduled in a future subframe.  Across CoMP clusters such knowledge is clearly not available. 

It should be noted that further study is needed regarding overhead tradeoffs.  For example, it is possible that in Figure 3, neighboring RRH A.1 and RRH A.2 do not create significant interference to each other’s UEs.  In that case, it would be possible to target a more aggressive reuse of zero-power CSI-RS resources to reduce overhead. 

Another potential way of reducing overhead is to use a combination of zero-power and non-zero power CSI-RS for interference estimation.  That way, a UE could use a non-zero power CSI-RS resource for channel estimation and after subtracting the known pilot use the same REs for interference estimation.  Further study it needed though whether the CSI-RS density provides sufficient channel estimation performance to make such an approach feasible.  In this context, increasing the CSI-RS density (for example by aggregating multiple CSI-RS patterns) could be considered. 

The lack of coordination across CoMP clusters motivates to reuse CRS-based interference estimation.  For example, as illustrated in Figure 4, a colliding CRS configuration could be targeted within a CoMP cluster and used to estimate the out-of-cluster interference.  Appropriate planning could ensure that neighboring CoMP clusters use a CRS shift that does not collide.  The UE may combine the interference estimation obtained via CSI-RS and CRS to refine the CSI reporting accuracy. 
Proposal 2: 

· Consider a combination of CSI-RS and CRS-based interference measurement

· CRS-based interference measurement may target out-of-cluster interference

4.1
Other forms of interference measurement 
In addition to the above approaches, it should be studied to what extent the network can extrapolate a UE’s CSI reports based on knowledge of scheduling decisions and CSI information throughout a CoMP cluster.  Compared to non-CoMP setups in which tight coordination is not feasible, it seems that the network is in a good position of performing such extrapolation.  

The extent to which prediction of interference conditions is possible is also linked to the way CSI feedback is performed as CSI is necessary to effectively exploit the knowledge of scheduling decisions throughout a cluster.  However, given that additional feedback for non-serving points will likely be standardized in Rel-11, it seems reasonable to consider that limited CSI information to a UE’s dominant interfering points may be available. 

Extrapolation of interference conditions at the network side is largely transparent to the specification.  However, we feel that such techniques should be considered in order to compare against the performance of the CSI-RS and CRS-based interference estimation approaches.  Ultimately, if it turns out that implementation-based mechanisms for interference prediction give satisfactory performance, then some forms of interference measurement enhancements may not be necessary. 
4
Conclusions

This paper considered the impact on the user throughput of estimating interference (for CSI reporting) using a limited number of RE per PRB, e.g., using a suitable zero-power CSI-RS configuration. Because of the non-negligible performance degradation experienced when a single zero-power configuration with 2 CSI-RS antenna ports is used in the considered scenario, our proposal is as follows:

· Increase density of the zero-power CSI-RS REs used for interference measurement for Rel-11 UEs, according to at least one of the following approaches:
· Increase CSI-RS antenna ports for the special CSI-RS configuration(s) employed by UEs for interference measurement.
· Signal multiple different CSI-RS configurations to the UE for interference measurement and allow the UE to use all of them for measuring the interference.
· Introduce new special CSI-RS configurations with increased density (i.e., more than one RE per PRB per antenna port) for the sake of interference measurement by Rel-11 UEs.
The selection among the available methods should also consider the compatibility with legacy (Rel-10) UEs rate matching operation.
In order to enable measurement of out of cluster interference, our proposal is the following:
· Consider a combination of CSI-RS and CRS-based interference measurement

· CRS-based interference measurement may target out-of-cluster interference
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