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1 Introduction

Interference measurements have been identified as a problem and it was concluded in RAN1 #67 that:

· The support provided in Rel-10 for interference measurements is not satisfactory for Rel-11.

· Interference measurements using CRS REs alone are not satisfactory for Rel-11.

The following was agreed in RAN1 #67:

· Specify in RAN1 specifications the possibility to UE-specifically configure specific REs for interference measurement.

Interference measurements should be re-designed in Rel-11, especially for CoMP schemes and scenario 4. For CoMP schemes, both CoMP hypothesis and non-CoMP hypothesis should be considered for interference measurement. In scenario 4, even non-CoMP schemes need newly designed interference measurements, because interference measurements based on CRS cannot always guarantee that the experienced interference when the PDSDH is transmitted from a single transmission point within the cell would be the same as the estimated interference.
This paper discusses the principles for selecting the resources used for interference measurements. By comparison of the advantages and disadvantages of candidate resources for interference measurement, a proposal for interference measurement resource(s) is provided.
2 Design Principles for Interference Measurements
A UE may have to report multiple CQIs related to different transmission hypotheses [1], so that the eNB can select the best transmission point for the PDSCH. Different transmission hypotheses are naturally associated with different hypotheses on the interference. An example is shown in Table 1 for scenario 3 with DPS/DPB. The CoMP measurement set is composed of one macrocell and one picocell for a given UE. The interference from outside the CoMP measurement set is the same for all three CQIs.
Table 1 – Multiple interference hypotheses
	CQI report
	Transmission hypothesis
	Interference hypothesis
(within CoMP measurement set)

	CQI1
	macrocell
	picocell

	CQI2
	picocell
	macrocell

	CQI3
	picocell
	macro blanking


In order to obtain accurate interference measurements for each CQI, the UE should measure the interference for each CQI in separate interference measurements resources. Modeling the interference from the macrocell in CQI2 based on the non-zero power CSI-RS from the macrocell would not accurately model the interference from the PDSCH. Moreover, letting the UE measure the interference directly without any re-computation simplifies both the UE and eNB implementations. The eNodeB guarantees that each interference measurement matches the transmission hypothesis for each CQI. This leaves the flexibility for the eNB to select the CoMP transmission scheme independently of UE implementation.
Proposal 1: UE supports multiple CQI reports related to different interference hypothesis.

· Each CQI report is associated with a specific interference hypothesis

· One interference measurement resource (set of REs) is used per CQI report

· Different interference measurement resources are associated with orthogonal REs
Impact to legacy UEs
In order not to introduce limitations on scheduling of CoMP schemes, resources used for interference measurements should impact legacy UEs as little as possible. At least no impact should be incurred to Rel-10 UEs, since they already support PDSCH muting for rate matching. Thus, interference measurement resources should be subset of existing NZP CSI-RS and ZP CSI-RS resources configurable in Rel-10.
Proposal 2: to guarantee limited impact to Rel-10 UEs, the REs occupied by interference measurement resources can be configured as zero-power CSI-RS for Rel-10 UEs.

3 Potential Resources for Interference Measurements
In this section we analyze different alternatives available for interference measurement resources, while respecting the principles for resource selection for interference measurement presented in section 2.
3.1 Solution 1: Interference measurements based on NZP CSI-RS resources
For each reported CQI, UE processes both channel measurement and interference measurement based on the same CSI-RS resource. This CSI-RS resource can be a single NZP CSI-RS resource or a super NZP CSI-RS resource, which is a group of several NZP CSI-RS resources used for JT.
The UE first performs channel measurements to reconstruct the received signal for the NZP CSI-RS. The UE also uses the channel estimates for CSI feedback. Then UE subtracts the reconstructed NZP CSI-RS signal from the total received signal to obtain the estimated interference power on each RE occupied by the NZP CSI-RS resource. Interference averaging can be used within the frequency granularity of the CQI, and interference filtering can be used in time domain to obtain more accurate estimates. 
An example of solution 1 supporting joint transmission from macro sectors 1 and 2 in scenario 1 is shown in Figure 1. UE measures CSI and interference based on a super-resource (8 ports) combined by NZP CSI-RS resource 1 (4 ports) and resource 6 (4 ports). Muting is applied to guarantee the accuracy of channel estimation for CSI feedback. Incidentally, applying muting also matches the interference hypothesis of the reported CQI.
[image: image1.png]012345678 MR

Macro Sector 1

012345678 snnRn

Macro Sector 2

"

B

|

zecsivs
Nz CsiRs
ouRS.
crs




Figure 1 - Interference measurement supporting JT in scenario 1, Solution 1
Another example of solution 1 supporting DPS/DPB in scenario 4 is shown in Figure 2. Each point transmits its own NZP CSI-RS. RRHs in different macro sectors can reuse the same NZP CSI-RS resources. If a UE is located in macro sector 1 and closer to RRH1 than to other RRHs, this UE can be served by DPS/DPB as previously shown in Table 1. eNodeB can inform this UE to measure channel and interference as shown in Table 2. 
Table 2 interference measurement supporting DPS/DPB in scenario 4

	
	CQI 1
	CQI 2
	CQI 3

	CSI measurement
	NZP CSI-RS resource 1
	NZP CSI-RS resource 0
	NZP CSI-RS resource 9

	Interference measurement
	NZP CSI-RS resource 1
	NZP CSI-RS resource 0
	NZP CSI-RS resource 9
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Figure 2 - Interference measurement supporting DPS/DPB in scenario 4, Solution 1
It has been argued that there might be some problem with the accuracy of interference measurements due to the density of CSI-RS. In [2], however, it is difficult to draw any conclusion based on the simple link level simulation setup since noise and interference variations are coupled in the SINR, and whether the improvement is just due to the increased number of REs averaged for interference measurements. In [3], it was assumed that there is always an interfering cell with DIP=-1.76dB so when SINR changes the interference level also changes. Based on these assumptions, it is difficult to isolate the impact of the interference on the estimation accuracy at different SINR points. Thus, in order to assess the true performance of SINR estimation accuracy with interference measurements based on CSI-RS resources, link level simulation has been conducted based on solution 1, as shown in Appendix A. The simulation results indicate that for both DPS SINR and DPB SINR, interference measurement based on NZP CSI-RS resource(s) is accurate enough and should not be a concern.
Observation: Interference measurement based on NZP CSI-RS resources is accurate enough. The accuracy is similar to that obtained with interference measurements based on ZP CSI-RS resources.
Impact to legacy UEs
With solution 1, UE processing for interference measurement is the same as legacy measurement based on CRS, where the UE first estimates the channel on RS and then cancels the RS to measure the remaining received power. RS overhead is kept low since resources for CSI feedback are reused. 
Observations on solution 1:
· Simple UE implementation, the algorithm for interference measurement of Rel-8 can be reused
· Low overhead of REs for interference measurements and no overhead of signaling for interference measurements if interference resources exactly reuse the REs of CSI-RS resources
3.2 Solution 2: Interference measurement based on ZP CSI-RS resource
For each reported CQI, UE can be informed to process interference measurement based on one ZP CSI-RS resource. Based on this ZP CSI-RS resource, UE can directly measure the total received signal as the interference. Because the CSI-RS is assumed to be zero power, channel measurement cannot be processed on the same CSI-RS resource. There should be different REs signaled to UE to process channel measurement and interference measurement for each CQI.
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Figure 3 - Interference measurement supporting DPS/DPB in scenario 4, Solution 2
An example of solution 2 supporting DPS/DPB in scenario 4 is shown in Figure 3. Multiple CQIs are reported by UE to support DPS/DPB scheduling. Some subframes are used for channel measurement based on NZP CSI-RS for each CQI and some other subframes are used for interference measurement based on ZP CSI-RS for each CQI. If a UE is located in macro sector 1 and closer to RRH1 than to other RRHs, this UE can be served by DPS/DPB as previously shown in Table 1. Subframes {A} are used for channel measurements and subframes {B} are used for interference measurements. eNodeB informs UE to measure channel and interference as shown in  Table 3.

Table 3 interference measurement supporting DPS/DPB in scenario 4

	
	CQI 1
	CQI 2
	CQI 3

	CSI measurement,
 subframe {A}
	NZP CSI-RS resource 1
	NZP CSI-RS resource 0
	NZP CSI-RS resource 0

	Interference measurement,
 subframe {B}
	ZP CSI-RS resource 1
	ZP CSI-RS resource 0
	ZP CSI-RS resource 9


If the number of CSI-RS patterns (i.e. transmission points and number of ports) was small enough, both channel measurement and interference measurement could be taken in the same subframe. In this example, where 4 ports are considered at each transmission point and the coordination area includes 3 macro sectors and 3 RRHs in each sector coverage, it is not possible to fit all the required resources within one subframe.
In Rel-10, one ZP CSI-RS resource can be signaled to one UE. If all signaled ZP CSI-RS are used for a single interference measurement, then the UE would only be able take one type of interference measurement corresponding to one transmission hypothesis. Since the UE needs to report multiple CQIs with multiple interference hypotheses, the ZP CSI-RS would need to be partitioned into several orthogonal resources, which is not supported in Rel-10 and thus would require new signaling.
It should also be noted that ZP CSI-RS has been primarily introduced to provide accurate channel estimation in Rel-10, so Rel-11 should continue to support this important functionality of ZP CSI-RS. If ZP CSI-RS can be used for interference measurement, it should not always be assumed that all the configured ZP CSI-RS are used for interference measurement by Rel-11 UEs, otherwise conflicting requirements for channel measurements and interference measurements may force the eNB to sacrifice the accuracy of both processes.
Therefore interference measurements should be configurable, i.e. standardized interference measurements may be enabled or disabled by the eNB. With this solution, the eNB would likely have to use a subset of the configured ZP CSI-RS REs for guaranteeing the quality of channel estimation for CoMP, and multiple other subsets of the configured ZP CSI-RS REs for multiple interference measurements.
Observation: If ZP CSI-RS resources are used for interference measurement, at least a subset of the resources should be used to guarantee the accuracy of inter-point channel measurement. Additional orthogonal subsets might be considered for supporting multiple interference measurements.
Compared with Solution 1, Solution 2 will require more RS overhead and more signaling to inform UE about the resources used for interference measurement based on the hypotheses of the CQIs. Figure 4 shows the overhead incurred to Rel-10 UEs due to the configuration of muting to prevent PDSCH puncturing in CSI measurement subframes and interference measurement subframes. In this example, the legacy Rel-10 UE is assumed to be served by macro sector 1.
Figure 4a corresponds to solution 1 as illustrated in Figure 2, where the CSI-RS are configured with 10 ms period. Figure 4b corresponds to solution 2 as illustrated in Figure 3, where CSI subframes and interference subframes are configured with 10 ms period but are shifted by 5 ms. We can see that 20 REs need to be muted every 5 ms for solution 2 (since Rel-10 UEs support just one ZP CSI-RS configuration), while only 8 REs need to be muted every 10 ms for solution 1. Solution 1 is more effective in terms of RS overhead due to the protection of legacy UEs.
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(a) Solution 1 (NZP CSI-RS), 10 ms period                                     (b) Solution 2 (ZP CSI-RS), 5 ms period

Figure 4 – Muting overhead for Rel-10 UEs
Observations on solution 2:

· Pros: Simple UE implementation

· Cons: Additional signaling needs to be defined. Additional muted REs are needed on top of the muted REs configured for guaranteeing the quality of CoMP channel estimation, which will increase the overhead and impact legacy UEs.
3.3 Proposal for interference measurement resource
The NZP CSI-RS resource(s) for channel measurement and interference measurement in solution 1 could also be decoupled, for example in different subframes as in Figure 3. All the examples in Figure 1~2 could be configured by this independent configuration. In this case, the network has complete flexibility to control the trade-off between overhead and performance by allowing coupling or decoupling of the configurations. However, the possibility to use the same CSI-RS resource for channel and interference measurements should still be retained by the network in order to provide a solution that minimizes the downlink overhead.
Observations: the possibility to couple or decouple CSI resources and interference resources can offer complete flexibility to the network in terms of downlink overhead and measurements accuracy.
Comparing the above solutions, solution 1 will be the most effective and can reuse the design for interference measurement in previous releases with simple UE implementation. If complete flexibility is given to the eNodeB by decoupling the signaling of CSI-RS resources and interference resources, similar RS patterns as for solution 2 can be achieved without penalty of measurements accuracy, but with additional signaling for the mapping of interference resources to CQI processes. Therefore, a mixture of solution 1 and solution 2 is proposed.
Proposal 3: Multiple interference measurement (IM) resources are signaled to a UE as orthogonal subsets of the union of the Rel-11 NZP CSI-RS REs and Rel-10 ZP CSI-RS REs configured to the UE
· Each IM resource is associated with one CQI process

· The smallest granularity of an IM resource is a 1-port CSI-RS configuration

· Each IM resource is configured with a bitmap of 1-port ResourceConfig and SubframeConfig

4 Conclusions

In this paper, the design principles for interference measurements have been discussed. Based on these principles, the following are proposed:
Proposal 1: UE supports multiple CQI reports related to different interference hypothesis.

· Each CQI report is associated with a specific interference hypothesis

· One interference measurement resource (set of REs) is used per CQI report

· Different interference measurement resources are associated with orthogonal REs
Proposal 2: to guarantee limited impact to Rel-10 UEs, the REs occupied by interference measurement resources can be configured as zero-power CSI-RS for Rel-10 UEs.

Proposal 3: Multiple interference measurement (IM) resources are signaled to a UE as orthogonal subsets of the union of the Rel-11 NZP CSI-RS REs and Rel-10 ZP CSI-RS REs configured to the UE

· Each IM resource is associated with one CQI process

· The smallest granularity of an IM resource is a 1-port CSI-RS configuration

· Each IM resource is configured with a bitmap of 1-port ResourceConfig and SubframeConfig
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Appendix A. Link Level Simulation
For solutions 1 and 2, interference measurements are based on NZP CSI-RS or ZP CSI-RS resource(s) and are primarily evaluated by link level simulation.
In this simulation, SINR​est is defined as the SINR with estimated channel and estimated interference, and SINRideal is defined as the SINR with estimated channel and ideal interference. For solution 1 channel and interference measurement are based on the same NZP CSI-RS resource, while for solution 2 channel measurement is based on NZP CSI-RS resource and interference measurement is based on ZP CSI-RS resource. The mean absolute SINR error is defined as (1/N)Σ(|SINRest-SINRideal|).
For solution 1, interference measurement is based on NZP CSI-RS resource. Firstly channel is estimated, and then the contribution of the NZP CSI-RS is subtracted from the total received signal to obtain the interference. While for solution 2, the received signal on ZP CSI-RS will be the interference signal. Interference power is averaged in wideband. Detailed simulation assumptions can be found in Table 4.

The error of estimated SINR for subband CQI is simulated with or without dominant interfering point blanking, as shown in Figure 5. From the results, it can be observed that estimated SINR error is similar for interference measurement based on NZP CSI-RS or ZP CSI-RS. Small SINR error (<1.5dB) exists when blanking is configured or not configured for the dominant interfering point. In the simulation results, estimated SINR error is higher in the high SNR region, for both NZP CSI-RS and ZP CSI-RS based interference measurement. 
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Figure 5 Error of estimated SINR for subband CQI

Observation:

· Small SINR error can be found when interference measurement is based on CSI-RS resource(s) with 1RE per PRB per antenna port
· The accuracy is similar for interference measurement based on NZP CSI-RS or ZP CSI-RS resource(s)

Table 4 Link Level Simulation Assumptions
	Parameter
	Value

	Carrier frequency
	2 GHz

	Bandwidth 
	10 MHz

	UEs per cell
	1 

	Mobile speed 
	3 km/h 

	Channel model
	ETU

	Number of Tx antennas
	2

	Number of Rx antennas
	2

	Rank
	1

	Transmission mode
	TM9 based on LTE Release 10 codebook 

	Interference model
	1 interfering point 

RSRP difference between interfering point and serving point is fixed as -3dB

Interferer’s rank = 1
Interferer’s PMI is randomly selected.

	Interference estimation
	Wideband

	CSI-RS periodicity
	5 ms 

	Subband size
	6 PRBs

	Channel estimation
	LMMSE


