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1 Introduction

Legacy interference measurements have been identified as a problem for CoMP and it was agreed in RAN1 #67 to specify in RAN1 specifications the possibility to UE-specifically configure specific REs for interference measurement. It was further agreed at RAN1#68bis that:

· At least one Interference Measurement Resource (IMR) can be configured for a Rel-11 UE

· FFS whether a maximum of only one or multiple IMRs can be configured for a Rel-11 UE

· Each IMR consists of only REs which can be configured as Rel-10 CSI-RS resources

· FFS whether REs of an IMR are allowed to be configured as non-zero-power CSI-RS resources

· FFS whether an IMR can have finer granularity than 4 REs/PRB

In this contribution, we discuss the maximum number of IMRs that can be configured for a Rel-11 UE and we propose the related signaling support. This discussion is tightly related to the CoMP CQI definition [1].
2 Maximum number of IMRs configured for a Rel-11 UE
A UE may have to report multiple CQIs related to different transmission hypotheses [1], so that the eNB can select the best transmission point(s) or transmission scheme for the PDSCH. Different transmission hypotheses are naturally associated with different hypotheses on 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 one UE. 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


Two methods are discussed for interference measurements in Rel-11:

Method 1 (direct measurement): the interference hypothesis for each CQI is measured directly based on one IMR, which means multiple IMRs may be needed for different CQIs. The signal transmitted on each IMR by the TPs that are part of the interference assumption can be scheduled PDSCH or any signal the networks deems necessary to transmit for the interference measurement.
Method 2 (UE emulation): for each CQI calculation, the total interference corresponding to the hypothesis will be divided into two parts, outside-measurement-set interference to be measured on the only configured IMR and inside-measurement-set interference to be emulated by UE based on the channel estimation of the interfering point(s) and assumed precoding matrix.
Overhead comparison

Although an IMR is configured in a UE-specific manner, a transmission point should not transmit PDSCH on all the IMRs associated with a transmission assumption from this point. For example, consider zero-power CSI-RS is used as IMR and the coordination area is the macro cell coverage area where four picocells are located. These five points compose one coordination set. Assume that each UE is configured with a CoMP measurement set of size two (macrocell and one picocell). The UE reports three CQIs for the transmission hypothesis of Table 1. Some UEs report a single CQI based on serving point transmission.
If method 1 (direct measurement) is used, a total of 9 IMRs is needed as shown below: 

· When macro is the serving point and picos are interfering points, one IMR should be configured where all four picos transmit some signal (common IMR for DPS and single-point CQI when macro is the transmission point)
· For each pico, when pico is serving point and macro is the interfering point, one IMR should be used where the macro and the other three picos transmit some signal, resulting in four IMRs (common IMR for DPS and single-point CQI when a pico is the transmission point) 
· For each pico, when pico is serving point and macro is blanking, one IMR should be used where the other three picos transmit some signal, resulting in four IMRs
If method 2 (UE emulation) is used, a total of 9 IMRs is also needed as shown below:

· Each point should be configured one IMR for UEs served by only that point (i.e. 5 IMRs are needed for hypothesis of single point transmission for UEs reporting a single CQI)
· The macro and each pico correspond to a measurement set for some UE, so one IMR is configured for each pico (4 IMRs for outside-measurement-set interference measurement)
The total number of IMRs needed for these two methods is summarized below in Table 2.

Table 2 – Total number of IMRs for direct measurement and UE emulation methods
	
	Total number of IMRs in the coordination area
	Details

	Method 1
(direct measurement)
	9
	5 for DPS or single-point transmission

4 for hypothesis of DPB

	Method 2
(UE emulation)
	9
	5 for single-point transmission

4 for interference from different measurement sets


Observation: the total number of IMRs in the coordination area needed for supporting DPS and DPB in HetNet is the same for both interference measurement method1 based on multiple IMRs and interference measurement method2 based on one IMR with emulation at UE side, resulting in the same overhead and impact to legacy UEs.
Measurement accuracy
Method 2 requires an assumption on the precoding matrix and transmission power used by the interfering point. The UE emulates the precoding V and transmission power P. The total interference signal is modeled as Itotal=Ioutside-measurement-set+H*(P*V), where H is measured on the second non-zero-power CSI-RS resource.
For the precoding, an isotropic precoding matrix can be assumed by UE. This assumption would not be accurate in all scenarios. For example, points may only serve a small number of active UEs where UEs are distributed non-uniformly in the point coverage; hence the isotropic precoding matrix can not reflect the spatial direction of the precoding matrix used by the interfering point inside the CoMP measurement set.
The rank of the isotropic precoding matrix may also be mismatched, especially when UEs in the network are equipped with two receive antennas and eNBs have four transmit antennas. The UE would assume a rank four transmission which would actually never occur.
Another aspect which should be considered is the dynamic transmission power used by the interfering point. For transmission mode with DM RS for PDSCH demodulation, the transmission power needs not to be fixed and can be controlled for system enhancement, e.g. for interference coordination. Thus the transmission power cannot be assumed to be any specific value for UE to predict the interference. 
These drawbacks are avoided with method 1, which is similar to the traditional interference measurement method. In addition, since IMRs can be configured as zero-power CSI-RS in coordinated cells, the network can make sure that the transmitted signals perfectly match the interference hypothesis.
Observation: Configuring multiple IMRs can provide better interference measurement accuracy than a single IMR with UE emulation of an isotropic precoder.

Support of coordination area larger than the CoMP measurement set
CSI-RS resources in the CoMP measurement set are used for channel estimation according to CQI configuration. The maximum size of the CoMP measurement set will be limited to 2 or 3 NZP CSI-RS resources. However, the coordination area can be larger than the set of points corresponding to the CoMP measurement set. The size of the coordination area is directly related to the interference hypothesis for the configured CQI(s). In method 2, only one IMR is configured for UE to estimate the interference outside of the CoMP measurement set. In this method, UE can compensate for the interference inside of the CoMP measurement set, but can never estimate the interference reflecting the different hypotheses of points in the coordination area but outside of the CoMP measurement set.
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Figure 1 – CoMP Measurement Set and CoMP Coordination Area for UE
For example, as shown in Figure 1, the CoMP measurement set includes two NZP CSI-RS resources separately transmitted from one macro sector and one pico cell. But the coordination area for two configured CQIs can be different:

1) Coordination area one corresponding to CQI configuration for DPB contains one pico cell and 3 macro sectors, where the hypothesis is that the pico cell is the serving point and all 3 macro sectors are blanking, thus interference for CQI calculation should not include interference from all these 4 points.
2) Coordination area two corresponding to CQI configuration for DPS contains one pico cell and one macro sector, and the hypothesis is that the pico cell is the serving point and all the other points are interfering points.

For this case, the two CQIs require interference measurements with different hypothesis on two macro sectors outside of the CoMP measurement set. However, the UE cannot measure these two types of interference based on only one IMR with method 2. On the other hand, method 1 works simply when two different specific IMRs are configured for the UE and the points can transmit appropriately on the IMR according to the hypotheses of coordination.
Observation: UE emulation cannot be used to measure interference for multiple CQI configurations with different interference hypothesis on TPs outside of the CoMP measurement set.
Efficient support of joint transmission
Following the agreement not to support the feedback of inter-point phase feedback at RAN1#68bis, the support of joint transmission will rely on per-CSI-RS-resource feedback. One such example consists of configuring one CSI-RS resource (resource 1) where different CSI-RS ports are sent by different cells. This is illustrated in Fig 2, where an additional CSI-RS resource (resource 2) is also configured for supporting single-cell operation. The CoMP measurement set of the UE consists of cells A and B. The configuration of zero-power CSI-RS is also shown, and it is assumed that the UE estimates the interference from outside the CoMP measurement set on the zero-power CSI-RS resource.
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Figure 2 - CSI-RS configuration for JT and single-cell operation
According to the method proposed in [2], the UE could calculate the following four CQIs and report any of these CQIs are instructed by the eNB:
· CQI1: ESINR1 = SA/(Io+No)

· CQI2: ESINR2 = SA/(IJT+Io+No)

· CQI3: ESINR3 = SJT/(Io+No)

· CQI4: ESINR4 = SJT/(IA+Io+No)

Where SJT is the received signal power from the joint transmission, SA is the received signal power from cell A, SB is the received signal power from cell B, Io is the interference from outside the CoMP measurement set, No is the noise power, IA is the interference hypothesis derived by the UE assuming an isotropic precoder applied to CSI-RS ports of resource 2, and IJT is the interference hypothesis derived by the UE assuming an isotropic precoder applied to CSI-RS ports of resource 1.

Obviously, CQI2 and CQI4 do not correspond to any practical transmission hypothesis, so they would never be configured for feedback by the eNB. CQI3 corresponds to the correct hypothesis for joint transmission. CQI1 correspond to the transmission hypothesis from cell A where cell B is blanking, which is not the hypothesis that the eNB was looking for, since it was looking for feedback to operate in non-CoMP mode for that UE, i.e. without any assumption on coordination with cell B. The eNB would need to receive feedback for a CQI representing ESINR5 = SA/(IB+Io+No). Unfortunately, there is no resource available for measuring either this interference directly or for measuring IB on the basis of non-zero-power CSI-RS. Clearly, this type of operation can only be supported by the configuration of at least two interference measurement resources.
Observation: the configuration of a single IMR with UE-side interference emulation does not efficiently support simultaneous feedback for joint transmission and for non-CoMP scheduling.
Complexity analysis
Using method 1, interference is measured directly based on the IMR. The same measurement procedure can be used for CoMP and non-CoMP. Obviously method 1 is a unified solution. But if method 2 is used, a UE should have a different procedure for interference measurement in CoMP and non-CoMP hypothesis, about whether and how to re-calculate interference. Especially, method 2 cannot be used for effective interference estimation for CQI calculation in some cases.
For example, when the CoMP measurement set is composed of two NZP CSI-RS resource, where CSI-RS resource 1 has 4 ports and transmitted from point 1, CSI-RS resource 2 has 8 ports with 4 ports transmitted from point 1 and the other 4 ports transmitted from point 2. UE can measure 2 channel matrices but cannot emulate the interference for CQI with the hypothesis that point 2 is not blanking. Thus the IMR set and the CoMP measurement set cannot be independent in method 2, which limits the flexibility of eNodeB to manage these sets.
The previous discussion is based on assumption of coordination set size 2. If the coordination set is larger than 2, no modification is needed for method 1. However, the complexity of method 2 will increase drastically along with the increase of coordination set, because a UE should be informed which CSI-RS resource(s) should be used to emulate the interference and an increasing number of matrix multiplications should be processed, which will increase the UE implementation complexity. With the possible introduction of more CoMP transmission schemes in future releases, new CQI hypothesis would need to be explicitly spelled out in the specifications. 
Observation: Configuring multiple IMRs provides a unified solution for both CoMP and non-CoMP, and incurs no limitation on management of IMR set and the CoMP measurement set. UE emulation has less forward-compatibility and incurs higher complexity.
Based on the above comparison, it is proposed that:
Proposal 1: Multiple IMRs can be configured for a Rel-11 UE
· Each IMR corresponds to an independent interference measurement
· If multiple IMRs are configured for a Rel-11 UE, their REs do not overlap
3 Resource-restricted measurements and feedback 

The adoption of IMR in Rel-11 provides sufficient flexibility to effectively support Rel-10 resource-restricted measurements for CSI feedback. In Rel-10 resource-restricted measurements, the interference measurements are based on CRS, and there are two types of interference conditions to be measured, typically used to support HetNet eICIC. The two types of interference conditions cannot be dynamically varying since otherwise a UE may not be able to perform measurements on the correct time-frequency resources. Therefore, two subframe subsets are configured for a UE in a semi-static fashion, where each subset corresponds to one type of interference condition, and then the UE measures the two types of interference conditions on CRS of the respective subframes. This in turn requires that the PDSCH transmission schemes (such as a dominant interferer mutes its PDSCH transmission) be semi-statically configured. Note that the dominant interferer cannot mute only on the resources colliding with the UE’s CRS; to do so it has to mute its PDSCH in the entirety.

With IMR, multiple (one, two, or even more) types of interference conditions can be configured and measured, and the interference condition experienced on the IMR is not necessarily the same as that experienced on PDSCH resources. Therefore, to support HetNet eICIC with IMR, the only requirement is that the dominant interferer mutes (or transmits, respectively) on the resources colliding with a UE’s IMR in consistency with the semi-static measurement pattern signalled to the UE. The PDSCH transmission and the interference condition outside the IMR can be dynamically varying if dynamic coordination is possible, or semi-statically varying otherwise. An example is shown in Figure 3. 
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Figure 3 - Support HetNet eICIC with IMR. On PDSCH REs not colored, the transmission may be dynamically varying on each RB and subframe

We then have the following proposal.

Proposal 2: Support Rel-10 resource-restricted measurements in Rel-11 in the form of IMR-based CSI feedback mechanism.
4 Signalling to configure IMRs
According to the discussion in the above sections, one IMR should be included in the configuration of each CQI. Each IMR consists of only REs which can be configured as Rel-10 CSI-RS resources. Meanwhile the design of IMR should also support the scenario in which resource-restricted measurements and feedback is utilized. 
The granularity necessary for accurate interference measurements was discussed at RAN1#68bis. If 4 REs per PRB are sufficient, then one IMR could naturally be defined to correspond to the REs indicated by one bit set to 1 in zeroTxPowerResourceConfigList-r10. If the accuracy is not sufficient in all cases, then one IMR could be defined as one or multiple bits set to 1 in zeroTxPowerResourceConfigList-r10.
Proposal 3: For each configured CQI feedback, one IMR is signaled to a UE:
· Each IMR occupies 4N REs per PRB corresponding to N bits set to 1 in zeroTxPowerResourceConfigList-r10. At least N=1 is supported.
· SubframeConfig is configured for each IMR independently of the parameter SubframeConfig signalled for zeroTxPowerResourceConfigList-r10.
5 Conclusions

In this paper, we compared interference measurement methods based on direct measurement and based on UE emulation of the interference precoder. It was observed that there is no significant difference between the two methods in terms of IMR overhead, but the method based on UE emulation of the interference based on a single IMR has significant drawbacks in terms of the flexibility of CoMP operation.

Observations: UE-side interference emulation based on a single IMR capturing interference outside the CoMP measurement set has the following drawbacks:

· Configuring multiple IMRs can provide better interference measurement accuracy than a single IMR with UE emulation of an isotropic precoder
· UE emulation cannot be used to measure interference for multiple CQI configurations with different interference hypothesis on TPs outside of the CoMP measurement set.
· The configuration of a single IMR with UE-side interference emulation does not efficiently support simultaneous feedback for joint transmission and for non-CoMP scheduling.
· Configuring multiple IMRs provides a unified solution for both CoMP and non-CoMP, and incurs no limitation on management of IMR set and the CoMP measurement set. UE emulation has less forward-compatibility and incurs higher complexity.
Since direct measurements over multiple interference measurement resources are expected to be more accurate and to provide a more future-proof design, the following proposals are made.
Proposal 1: Multiple IMRs can be configured for a Rel-11 UE
· Each IMR corresponds to an independent interference measurement
· If multiple IMRs are configured for a Rel-11 UE, their REs do not overlap
Proposal 2: Support Rel-10 resource-restricted measurements in Rel-11 in the form of IMR-based CSI feedback mechanism.
Proposal 3: For each configured CQI feedback, one IMR is signaled to a UE:
· Each IMR occupies 4N REs per PRB corresponding to N bits set to 1 in zeroTxPowerResourceConfigList-r10. At least N=1 is supported.
· SubframeConfig is configured for each IMR independently of the parameter SubframeConfig signalled for zeroTxPowerResourceConfigList-r10.
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