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Introduction
During the RAN1#68bis meeting [1], there have been discussions related to UE baseband complexity with respect to the maximum number of CSI-RS resources for CoMP CSI feedback (i.e. the max. CoMP measurement set size). 
In this contribution UE complexity with respect to CSI feedback is considered generically – including the issue of interference measurement resources (IM REs) as well as CSI hypothesis/reports the UE would need to generate.

2 
Complexity of CoMP CSI generation
CoMP operation should of course also be possible in combination with LTE carrier aggregation of Rel. 10. In RAN1, the studies in the CoMP WI have very much been concentrating on considerations of a single component carrier. The number of configured CCs is of course having a strong, direct impact on the CoMP CSI generation complexity. For the remainder of this contribution we focus on the case of a single CC, but would like to still record this generic observation as such:
Observation related to Carrier Aggregation: The baseband complexity required for CoMP CSI generation is also depending on the number of configured component carriers.

For simplicity, we would like to split the baseband complexity of CoMP CSI generation in the following parts:
· Channel estimation complexity (BB_ChEst_BB)
· Interference estimation complexity (BB_IE)
· CSI Calculation complexity (BB_CSI)
Which can be noted as:
Observation1: The overall baseband complexity required for CoMP CSI generation consists of channel estimation complexity, interference estimation complexity and CSI calculation complexity.

2.1 Channel Estimation complexity

With channel estimation complexity we denote the amount of BB computations, the UE needs to perform in order to derive the channel estimate from a single CSI-RS resource. Compared to a Rel. 10 UE, where only a single CSI-RS resource can be configured for the purpose of TM9 operation, the BB complexity for a Rel. 11 CoMP capable UE will linearly increase with the maximum number of CSI-RS resources, i.e. the maximum size of the CoMP measurement set (as mainly discussed during RAN1#68bis). 

BB_ChEstCoMP=Num(CSI-RS)*BB_ChEstRel.10
Observation2: The channel estimation complexity is linearly increasing with the number of CSI-RS resources.
2.2 Interference Estimation complexity
As interference estimation complexity we denote the require BB computations the UE needs to perform, in order to generate the required different raw interference estimates based on the Interference Measurement resources (IM REs) . If we assume, that the interference estimation based on IM REs is complexity wise the same as in case of Rel. 8-10 (namely based on CRS) and a Rel. 11 UE in CoMP operation is not required to measure interference based on CRS in addition, again a linear relationship of the complexity but this time with the number of interference measurement resources (IMRs) for a single UE can be drawn.

BB_IECoMP=Num(IMRs)*BB_IERel.10

Observation3: The interference estimation complexity is linearly increasing with the number of interference measurement resources configured for the UE.
2.3 CSI calculation complexity

Considering the CSI calculation complexity, a derivation is not as easy to give a generic simple formula – as different CSI alternatives have been presented in 3GPP and different, specific implementations might be envisioned:

· Alt. 1: A single per-CSI-RS resource CSI:
This case refers to the fact, that for each of the configured CSI-RS resources an independent CSI based on a single interference/CQI hypothesis is calculated in a Rel. 10 manner (but using a different interference estimate based on IM REs instead of CRS). In this case again, a linear relationship of complexity with the number of CSI-RS resources can be expected according to:
                              BB_CSICoMP,Alt.1=Num(CSI-RS)*BB_CSIRel.10
· Alt. 2: Multiple per-CSI-RS resource CSIs
This case refers to the fact, that the UE is requested to calculate for each configured CSI-RS more than a single CSI –e.g. more than one IM RE defined for each of the CSI-RS resources (one for DPS, one for DB).
But also for this case, based on the input given by different companies on the CQI (or CSI) definition – several cases might be existent:

· Alt. 2a: Multiple independent per-CSI-RS resource CSIs
In this case, the UE calculates for each CQI/CSI hypothesis (e.g. based on different IMRs) a separate, independent CSI (incl. independent RI, PMI & CQI). In this case the complexity of the CSI estimation itself is upper bounded by:
                     BB_CSICoMP, Alt.2a=Num(CSI-RS)*Num(CSI_Hyp)*BB_CSIRel.10
· Note that although UE only do channel estimation once for each CSI-RS resource but different IMR maybe result in different RI/PMI selection. Therefore full CSI calculation complexity reduction is not possible unless the UE decides to constraint its link adaptation flexibility (see later alternative). For instance, if the RI is chosen by first estimating the expected throughput given all possible RI/PMI combinations, then for example the equivalent channel computation is common to all CSI hypotheses.
· Multiple dependent per-CSI-RS resource CSIs 
In this case, as indicated by several companies, a single RI & PMI would be reported per CSI-RS resource but different CQI hypothesis need to be calculated. But also in this case several options with respect to RI/PMI definition can be thought of:

· Alt. 2b: RI&PMI defined based on a single, given CQI hypothesis
In this case, the UE would calculate the full CSI (RI, PMI, CQI) for one of the CQI hypothesis. For the other remaining CQI hypothesis only the CQI itself would need to be estimated using the RI & PMI from the first hypothesis. This is of course suboptimal with respect to link-adaptation, but will reduce the computational complexity as well as the CSI feedback overhead compared to Alt. 2a. As only a single CQI needs to be calculated in addition (not checking for different rank & precoders separately), the complexity will be slightly bigger compared to the case of a single CSI per-CSI-RS resource (of Alt. 1), namely by the complexity of a single CQI (BB_CQIRel.10) per additional CQI hypothesis:
     BB_CSICoMP,Alt.2b=Num(CSI-RS)*BB_CSIRel.10+[Num(CSI_Hyp)-1]*BB_CQIRel.10 
· Alt. 2c: Joint, single RI & PMI definition for multiple dependent CSIs
The UE could be requested to e.g. either select the RI & PMI to maximize the combined throughput of all CQI hypothesis or maximum of total available throughput of all the CQI hypothesis. In both cases, the RI & PMI is to be defined jointly, i.e. the UE needs to calculate the throughput estimates of all the potential ranks & precoders of all the CQI hypothesis before selecting the RI & PMI for one CSI-RS resources. In this respect, the computational complexity is similar as in Alt. 2a of independent CSI definition – only the feedback overhead can be reduced. Consequently, the complexity of the CSI calculation is also in this case upper bounded by a linear function of the available CQI hypothesis:
       BB_CSICoMP,Alt.2c= BB_CSICoMP, Alt.2a=Num(CSI-RS)*Num(CSI_Hyp)*BB_CSIRel.10
· Alt. 3: Aggregated CSI/CQI over several CSI-RS resources
The aggregated CQI/CSI has been discussed in order to provide improved JT CoMP support. Considering the complexity, again the question is how the RI & PMI of the individual involved TPs is defined as such. Moreover, the question also arises, if the UE is requested to report the aggregated CSI only (JT CoMP feedback only) or also the per-CSI-RS resource CSIs. Several different options with varying complexity can be thought of where only some example cases are listed in here:
· Alt. 3a: Reuse of RI & PMI from the available per-CSI-RS resource CSI
Assuming that the RI of the different per-CSI-RS resource reports also requested from the UE are the same (e.g. by rank restriction and/or fixing the rank), the UE could reuse the single RI as well as the PMIs from the per-CSI-RS resource estimates. The only thing that would need to be calculated in addition to Alt. 1-Alt. 2c is the single joint CQI after combining the already previously calculated, equivalent precoded channels of the individual CSI-RS resources. This results in the overall complexity combining Alt.1-Alt.2c with the single additional CQI calculation (neglecting the required combining of the equivalent channels of the individual CSI-RS resources to a single equivalent channel in here for simplicity):
           BB_CSICoMP,Alt.3a= BB_CSICoMP,Alt.1-to-Alt2c+BB_CQIRel.10
· Alt. 3b: Usage of highest rank from the available per-CSI-RS resource CSI
In this case the RI & PMI of the CSI-RS resource showing the highest transmission rank is directly reused as the JT rank in case the individual per-CSI-RS resource reports show a different rank. Again here, an underlying assumption is that also per-CSI-RS resource feedback is requested at the same time (Alt. 1-Alt. 2c). For the CSI-RS resources having a different rank the per-CSI-RS resource CSI present, the PMI information is in addition required. Assuming for simplicity the single TP assumption for PMI definition also for JT, these PMIs will be already available from the per-CSI-RS CSI calculations. The joint CQI is then calculated based on the single (highest) rank as well as the PMIs for each transmission point – consequently, also with this method (which is more optimal compared to 3a) the complexity will be basically the same:
          BB_CSICoMP,Alt.3b= BB_CSICoMP,Alt.1-to-Alt2c+BB_CQIRel.10
· Alt. 3c: Fully aggregated CSI 
In this case the full CSI, i.e. RI, PMI and CSI, is calculated specifically for the JT assumption from the involved TPs/CSI-RS resources. From complexity point of view, this can be considered to go jointly through the aggregated rank and check the potential throughput performance. In case, for simplicity from complexity point of view, the PMI selection for each CSI-RS resource is done individually (which seems to make very much sense), the joint CQI needs to be calculated only for each rank hypothesis (size_rank) on top of the BB complexity of Alt. 1:
          BB_CSICoMP,Alt.3c_only= BB_CSICoMP,Alt.1+size_rank*BB_CQIRel.10
As we can see, the per-CSI-RS CSI calculations can be partially reused also for the full aggregated CSI as such. Meaning, if we select to report only the fully aggregated CSI this way or at the same time in addition request a single CSI per-CSI-RS resource, there is no difference in complexity as such. For a general combination of per-CSI-RS resource feedback (of Alt. 1 to Alt. 2c) and the fully aggregated CSI, the complexity is given by
 

BB_CSICoMP,Alt.3c_combined= BB_CSICoMP,Alt.1 – Alt. 2c+size_rank*BB_CQIRel.10
which is slightly higher compared to the case of Alt. 3a & Alt. 3b. 
· Alt. 4: Number of different aggregated CSIs to be estimated
The complexity of aggregated CSI might be further depending on the maximum CoMP measurement set size to be specified and if the UE is requested to report several JT hypothesis of the available ones: 
· Alt. 4a: Aggregated CSI over all the CSI-RS resources only
In this case, the UE is requested to calculate a single JT CSI for all combined CSI-RS resources. In this case, the complexity calculations of Alt. 3a-3c can be used directly.

· Alt. 4b: Different aggregated CSIs in case of 3 CSI-RS resources
In this case, one might envision – that the UE should report the aggregated CSI over all the CSI-RS resources – as in Alt. 4a, but in addition also estimate the aggregated CSI of a subset of the configured CSI-RS resources (e.g. aggregated CSI of combinations of CSI-RS1 & CSI-RS2, CSI-RS1 & CSI-RS3 as well as CSI-RS2 & CSI-RS3) separately. 
For this specific case, the BB complexity will be given by:
         BB_CSICoMP,Alt.4b= BB_CSICoMP,Alt.1 – Alt. 2c+size_rank*(1+3)*BB_CQIRel.10
If further different CQI hypothesis would need to be considered by the UE for the JT over a subset of CSI-RS resources (e.g. blanking vs non-blanking of the non-involved TP), the complexity will be result in:
      BB_CSICoMP,Alt.4b=BB_CSICoMP,Alt.1–Alt.2c+size_rank*[1+3*Num(Int_Hyp)]*BB_CQIRel.10

Based on this lengthy discussions on CSI estimation complexity, the following observations can be recorded: 
Observation4: The CSI estimation complexity for per-CSI-RS resource CSI is linearly increasing with the number of CSI-RS resources and the number of CSI/CQI hypothesis.
Observation5: The CSI estimation complexity for aggregated CSI is given by the per-CSI-RS resource CSI complexity with additional CQI calculations for each potential channel rank.

Observation6: The overall CSI estimation complexity is very much depending on the selected combinations of per-CSI-RS resource CSI with a potential combination of (number of) aggregated CSIs. 
Summarizing the findings in this section we can draw the overall conclusion:
Observation: The baseband complexity for CoMP CSI generation for a single component carrier is depending on:

·  Number of CSI-RS resources (CoMP measurement set size)

·  Number of Interference Measurement REs

·  Number of single point CSI/CQI hypothesis per CSI-RS resource

·  If aggregated CSI/CQI is to be supported in addition and the amount of aggregated CSI/CQIs
As from complexity point of view not just a single feature decision related to CoMP, i.e. the CoMP measurement set size, but several points are heavily effecting on the UE complexity. As an example, assuming the support of 2 CSI/CQI hypothesis per CSI-RS resource we might need to restrict the CoMP measurement set size to 2 whereas for a single CSI/CQI hypothesis per-CSI-RS resource a 3rd CSI-RS resource could be supported in order to end up with a manageable UE complexity. Therefore it is more very important to control the total UE complexity considering the combination of several features instead of considering the outstanding CoMP decisions separately one by one. One simple example is the number CQI hypothesis for one UE is conditioned to the number of CSI-RS resource configured for this UE. 
Besides the above parts, the UE implementation complexity related to CoMP is also effected by the supported feedback modes (unfortunately this complexity can’t be easily quantized): If the UE supports multiple feedback modes, it must be able to measure the corresponding CSI, wideband/narrowband CQI/PMI, etc. Also periodical feedback and aperiodical feedback may require different implementation complexity at UE side. If some of the feedback modes are not supported for some of the CSI-RS resource, UE implementation can be much eased [2]. 

As a consequence, we make the following proposal:
Proposal: Jointly consider the UE complexity in the required CoMP decisions related to:

· Max. CoMP measurement set size (in AI 7.5.1.1)

· CQI definition for CoMP (in AI 7.5.1.2)

· Interference Measurements (in AI 7.5.2)

· Supported feedback modes (in AI 7.5.1.4)

in order to prevent excessive UE complexity for CoMP CSI generation. Moreover, the impact of multiple configured component carriers should not be forgotten.
3 
Conclusions
In this contribution, we investigate the baseband UE complexity of CSI feedback generation for DL CoMP leading to the following conclusions with respect to complexity of channel estimation, interference estimation and CSI calculation. Based on the investigation in this contribution the following observations have been made considering the case of a single component carrier:
· Observation1: The overall baseband complexity required for CoMP CSI generation consists of channel estimation complexity, interference estimation complexity and CSI calculation complexity.

· Observation2: The channel estimation complexity is linearly increasing with the number of CSI-RS resources.
· Observation3: The interference estimation complexity is linearly increasing with the number of Interference Measurement resources configured for the UE.
· Observation4: The CSI estimation complexity for per-CSI-RS resource CSI is linearly increasing with the number of CSI-RS resources and the number of CSI/CQI hypothesis.
· Observation5: The CSI estimation complexity for aggregated CSI is given by the per-CSI-RS resource CSI complexity with additional CQI calculations for each potential channel rank.

· Observation6: The overall CSI estimation complexity is very much depending on the selected combinations of per-CSI-RS resource CSI with a potential combination of (number of) aggregated CSIs. 
Looking at the overall picture the following observations are to be highlighted:

Observation related to Carrier Aggregation: The baseband complexity required for CoMP CSI generation is also depending on the number of configured component carriers.

Observation: The baseband complexity for CoMP CSI generation for a single component carrier is depending on:

·  Number of CSI-RS resources (CoMP measurement set size)

·  Number of Interference Measurement REs

·  Number of single point CSI/CQI hypothesis per CSI-RS resource

·  If aggregated CSI/CQI is to be supported in addition and the amount of aggregated CSI/CQIs

Leading to the following logical proposal: 

Proposal: Jointly consider the UE complexity in the required CoMP decisions related to:

· Max. CoMP measurement set size (in AI 7.5.1.1)

· CQI definition for CoMP (in AI 7.5.1.2)

· Interference Measurements (in AI 7.5.2)

· Supported feedback modes (in AI 7.5.1.4)

in order to prevent excessive UE complexity for CoMP CSI generation. Moreover, the impact of multiple configured component carriers should not be forgotten.
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