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1. Introduction
It was agreed to specify the possibility to UE-specifically configure specific REs for interference measurement in RAN1#67. UE-specific implies that UE can be configured to measure interference over specific resources according to its geometry, supported transmission schemes etc.  In the companion contribution [1], we present our views on the principle of interference measurement mechanism design. In this contribution, we analyze several possible types of resources that can be used for interference measurement with those principles. Based on the analysis, using zero-power CSI-RS as baseline of interference measurement resources is recommended. Other types of resources could be used if they can be justified from performance gain, complexity, and overhead perspectives. 

2. UE-specific interference measurement resources
Possible resources for interference measurement can either be existing reference signal such as CRS, CSI-RS, zero-power CSI-RS or newly defined resources. Using existing reference signal minimizes the effort of standardization while newly defined resources may provide us with more chances of optimization. The detailed analyses are provided in the following sections.
2.1. CRS
CRS is used for interference measurement by Rel-8/Rel-9/Rel-10 UE. If it is retained in Rel-11, from the perspective of UE implementation, the module designed in previous releases can be reused. Additional efforts on implementation can be saved by reusing existing module.

Density of CRS is higher than any other reference signal considered for interference measurement. High density guarantees accurate estimation if the interference on CRS is exactly the interference that needs to be measured. However, the reuse factor of CRS is low, e.g., reuse factor = 3 in two ports system. That is, on the CRS resources, almost 1/3 cells in the system are also transmitting CRS instead of PDSCH.  CRS signal is often stronger than PDSCH signal which is the target of measurement. The reason is that CRS is always enabled regardless of the system load while PDSCH signal may be turned off if there is no data to transmit. This results in erroneous interference measurement especially in low load system.
For CoMP scenario 4, interference estimation on CRS is particularly problematical. Since CRS may be transmitted from all points within a cell, then only the interference outside the cell can be obtained whatever the actual transmission scheme and transmission points. In fact, signal transmitted from within the cell may also be a source of interference. 
The CDF of interference measurement on CRS in scenario 4 is show in Figure 1. In the simulation, we assume the estimation on CRS is ideal, i.e., the estimated interference equals the real interference on the CRS. The measurement target is the interference outside the CoMP measurement set. The CoMP measurement set is determined based on received power (RP), i.e., a point i belongs to measurement set if and only if

RPs – RPi < threshold
where RPs is the maximum received power and RPi is the received power of point i. The coordination area is 1 macro sector, i.e., 1 macro node and 4 low power node. The interference measured on CRS is actually from outside of the coordination area. When threshold = 20 dB, the estimation error is marginal, since the measurement set almost contains all points in the coordination area. The estimation error becomes larger as the threshold goes down to 6 dB, almost 20% UE suffer estimation error larger than 4 dB. The situation is even worse for single point schemes such as DPS.
CRS is not applicable in CoMP scenario 1/2/3, if interference outside measurement set is to be measured. As discussed previously, CRS collide with either CRS or PDSCH of other points including points in measurement set. That is, interference outside measurement set could not be obtained, unless further processing by UE is employed. 

In some future scenarios, such as extension carriers, there may be no CRS available for interference measurement.
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Figure 1: Error of interference measurement based on CRS
2.2. CSI-RS
Density of CSI-RS is as low as 1 RE/port/PRB. Such low density was proved to be sufficient for PMI derivation. It was also raised that the density is insufficient for interference measurement [2]. The accuracy of interference estimation based on CSI-RS depends heavily on the accuracy of channel estimation. In low and high SNR region, the channel estimation error leads to large interference estimation error. In middle SNR region, the estimation error may be acceptable. 
To improve channel estimation accuracy of neighboring points, zero-power CSI-RS is introduced. The REs corresponding to CSI-RS of neighboring points are turned off. By this way, SINR and hence channel estimation accuracy of CSI-RS is improved. However, when this neighboring point is outside the UE’s measurement set, the interference measured on CSI-RS does not match the actual interference. 
When CSI-RS and zero-power CSI-RS are configured appropriately, CSI-RS can be used for interference estimation. An example is illustrated in Figure 2 where three TPs form a coordination area. Three TPs are configured zero-power CSI-RS corresponding to CSI-RS of other TPs. If a UE’s measurement set happens to be {TP1, TP2, TP3}, then UE can estimate interference on any of the three CSI-RS resources. If estimation error is acceptable, UE can be configured to estimate interference on those resources even though measurement set is a subset of the coordination area. For example, if a UE’s measurement set is {TP1, TP2}, and signal from TP3 is rather weak, then UE can still be configured to estimate interference on CSI-RS of TP1 or TP2. Whether the interference from TP3 is negligible can be determined based on RSRP reporting or measurement of uplink signal. Unfortunately, signal from TP3 can not always be neglected, particularly when measurement set consist of only one point, i.e., single point transmission is supported badly.
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Figure 1: Interference measurement on CSI-RS
2.3. Zero-power CSI-RS
On zero-power CSI-RS RE, the transmit signal power is assumed to be zero. If points in measurement set are configured zero-power CSI-RS on same resources, the signal received on these resources is the interference outside the measurement set. Then the interference measurement can be obtained by simply averaging the received signal on these resources. The implementation algorithm of UE is rather simple. The estimation accuracy is independent from channel estimation accuracy which is promising. An example is shown in Figure 3. The CSI-RS and zero-power CSI-RS configuration is the same as Figure 2. A UE with measurement set {TP1, TP2} can be configured to estimate interference on interference measurement resource A. 
As can be seen in Figure 3, the interference signal from TP3 is CSI-RS instead of PDSCH. As stated before, the characteristics of PDSCH and CSI-RS may be different in low load system. This would result in pessimistic measurement. The estimation error may be too large to be acceptable in some situation such as low load system or measurement set containing only one point. In such situation, additional zero-power CSI-RS can be configured purely for interference measurement. An example can be found in Figure 3 as interference measurement resource B. Obviously, additional configured zero-power CSI-RS would increases the system overhead. If the zero-power CSI-RS resource is configured for improving channel estimation accuracy, then there is no additional overhead. If the resource is configured purely for interference estimation, additional overhead should be considered. 
Assuming the cooperating area consists of N points, the maximum number of measurement set is 2^N – 1. For best estimation accuracy, resources for different measurement set should be orthogonal to each other, i.e., total number of resources needed is 2^N – 1. This is the maximum reuse factor needed. The reuse factor increases exponentially with the number of points in coordination area. For example, N = 3, needed reuse factor = 2^3-1 = 7, when N = 9, needed reuse factor = 2^9-1 = 511. The total available reuse factor for zero-power CSI-RS is 5 x 10 = 50 assuming periodicity of 5ms. Even though longer periodicity would provide more reuse factor, it is still much less than the requirement if N is large. The above analysis is based on the assumption that all combinations are possible for measurement set. However, the possible measurement set is limited since two distant points have little chance to be within one measurement set. In practical, the measurement set consists of neighboring points and the cardinality of measurement set can be limited to be 2 or 3. Consider a coordination area consist of 9 cells as an example. The topology is shown in Figure 4. The number of measurement set consists of one cell is 9. The number of measurement set consist two cells is 15, and the number is 7 for three cells. The total needed reuse factor is 24 if the measurement set is limited to 2 cells and 31 if limited to 3 cells. Then 5ms periodicity provides sufficient reuse factor.
From the perspective of a transmission point, it needs to configure zero-power CSI-RS for each possible measurement set that it belongs to. The overhead is proportional to the number of zero-power CSI-RS configured. The total overhead for a UE is determined by the number of points in transmission set and hence is UE-specific. That is, data should not be transmitted on any of the configured zero-power CSI-RS of any points in transmission set. The resources corresponding to zero-power CSI-RS of points outside the transmission set can be used for data transmission. For UE with one point in transmission set, the unusable resources are those configured as zero-power CSI-RS by the point. In Figure 4, the colored cell belongs to 10 measurement sets. Then any PDSCH transmission should avoid using the 10 zero-power CSI-RS according to the 10 measurement sets. Therefore, additional overhead for such UE is 10 x 4 / (168 x 5) = 4.8%. If a UE’s transmission set contains more than one point, all zero-power CSI-RS RE configured by these points should be avoided. In the example, the additional overhead is 17 x 4 / (168 x 5) = 8.1%.  

The overhead can be further reduced by:
· Limiting the number of possible measurement set, e.g., by limiting the maximum number of points in measurement set to be 2, the  overhead for UE with one point in transmission set is reduced to 6 x 4 / (168 x 5) = 2.86%. The overhead for UE with two points in transmission set is 11 x 4 / (168 x 5) = 5.24%.
· Configuring longer periodicity for zero-power CSI-RS, e.g., 20 ms, the overhead in previous example turns out to be 6 x 4 / (168 x 20) = 0.72% and 11 x 4 / (168 x 20) = 1.31%.
· Using zero-power CSI-RS in finer granularity as discussed in the following section.
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Figure 3: Interference measurement on zero-power CSI-RS
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Figure 4: Possible measurement set configuration containing 2 cells (left) and 3 cells (right)
2.4. New defined resources beyond zero-power CSI-RS 
Another possibility is to define new resources without constraining to zero-power CSI-RS resources. UE can assume that there is no signal transmitted on those new defined resources. The principle of interference measurement is similar as zero-power CSI-RS. The only difference is the format of the resources, e.g., the location in time-frequency domain.

Zero-power CSI-RS is defined in granularity of 4 REs/PRB. In practical, the density may be overdesign for pure interference measurement. A preliminary evaluation result is given in Figure 4. The interference is modeled as complex Gaussian distributed random variable. The measurement is taken over a subband which consists of 6 PRB. N RE/PRB means that there are N x 6 RE can be used for measurement. The estimation error is measured in decibel. From the results, one can find that 2 REs/PRB provides similar measurement performance as 4 REs/PRB. Using 1 or 2 REs/PRB, the overhead is further reduced:
· 1RE/PRB, the overhead is 6 x 1 / (168 x 20) = 0.18% and 11 x 1 / (168 x 20) = 0.33%.

· 2REs/PRB, the overhead is 6 x 2 / (168 x 20) = 0.36% and 11 x 2 / (168 x 20) = 0.66%.
Two approaches can be considered in defining new resources. One approach is to define new resources outside zero-power CSI-RS. It provides more room for optimization, while causes backward compatibility issues toward Rel-8/Rel-9/Rel-10 UE. Another approach is to define new resources within zero-power CSI-RS, but with finer granularity. By this way, impact to legacy UE can be kept minimal since it is similar as zero-power CSI-RS.
Proposal 1: We suggest setting zero-power CSI-RS as baseline, and considering CSI-RS and new defined resources while the overhead and reuse factor of zero-power CSI-RS is indeed a problem.
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Figure 5: Interference measurement error with different density
3. UE compensation
The interference estimated from any available resource may not reflect the exact interference, e.g. CRS alone and etc. UE can use some additional calculation to compensate the measurement. For example, UE use zero-power CSI-RS estimate interference outside the coordination area {TP1, TP2, TP3}, while the actual measurement set is {TP1, TP2}. The interference from TP3 is excluded from the measurement. If UE is able to receive CSI-RS/CRS of TP3, the signal power level can be estimated from the channel estimation. The final interference measurement can be obtained by adding received power of TP3 to the estimate interference.
The additional calculation complicates the implementation of UE. The system design is rather complex, since UE has to know what additional source they should calculate and what the processing they should take, e.g. adding or subtracting. Furthermore, the received power from CRS/CSI-RS is different from that of PDSCH. The compensation processing introduces another source of estimation error. Although scaling of the received power can be considered to correct the mismatch between CRS/CSI-RS and PDSCH, the performance needs further study.
Proposal 2: We prefer not to introduce standardized compensation at UE side.
Proposal 3: From the discussion, the application scenario of CRS is very limited. Therefore, we prefer to exclude CRS from the configured interference measurement resources if other resources are demonstrated to be sufficient.
4. Conclusions

In this contribution, four possible types of resources that can be used for interference measurement are analyzed. The recommendation is to use zero-power CSI-RS as baseline. Other types of resources can be considered if the necessity is identified.
Proposal 1: We suggest setting zero-power CSI-RS as baseline, and considering CSI-RS and new defined resources while the overhead and reuse factor of zero-power CSI-RS is indeed a problem.
Proposal 2: We prefer not to introduce standardized compensation at UE side.
Proposal 3: From the discussion, the application scenario of CRS is very limited. Therefore, we prefer to exclude CRS from the configured interference measurement resources if other resources are demonstrated to be sufficient.
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