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1. Introduction
An LS was received from RAN1 #63 regarding CSI measurements on restricted subframes for eICIC [1]. The RAN1 decision could be summarized as following:
· 0 or 2 subframe subset could be configured per UE

· The 2 subframe subsets may or may not be complement to each other

· Periodic CSI (CQI, PMI, RI) are explicitly linked to a configured subset of subframes via RRC.

· Aperiodic CSI: For CSI reporting instance at subframe n, the UE shall report CSI feedback based on the subset containing the CQI reference resource
· The case of the CQI reference resource not being contained in either of the configured subsets is FFS subject to feedback from RAN4 after discussion in RAN4
RAN4 is asked to consider whether any special behaviour is needed in relation to the complementary subset of subframes, and provide feedback to RAN1, where the “complementary subset” refers to the subset of subframes (if any) which are not included in either the first or second subset of subframes.
In this contribution, we provide analysis from RAN4 perspective on intended behavior of aperiodic CSI over the “complementary subset”.
2. Discussion
In order to define proper UE requirements, one needs to anticipate the impact of UE implementation from the overall network perspective. Answers to the following questions could lead us to the conclusion on aperiodic CSI behavior over the “complementary subset”:

Q1: Under which scenarios will there be a complementary set, i.e., there exists subframes not covered by the two CSI restriction patterns? What is the expected interference characteristics over the complementary set?

Q2: Should we allow aperiodic CSI to be scheduled over the complementary set?

Q3: If we allow aperiodic CQI to be scheduled over the complementary set, what is the proper interference measurement restriction?

In the rest of this section, we address each of the question separately.

2.1. Complementary Set
In the case of macro-femto deployment, the ABS pattern is expected to be OAM configured. In this case, the 2 CSI measurement restriction subsets should be set corresponding to the exact ABS pattern to maximize the interference averaging gain and to minimize the interference measurement latency. For example, assume the ABS pattern of the femto cell is [11001100, 11001100, 11001100, 11001100, 11001100]. In this case, two periodic CSI measurements could be configured in the macro cells with the following bitmaps:

· CSI_1 (clean CQI): CQI/PMI/RI feedback based on interference measurement in restricted subsets [11001100, 11001100, 11001100, 11001100, 11001100]. This set of measurements corresponds to femto ABS subframes.

· CSI_2 (unclean CQI): CQI/PMI/RI feedback based on interference measurement in restricted subsets [00110011, 00110011, 00110011, 00110011, 00110011]. This set of measurements corresponds to femto normal subframes.

Observation 1: In a macro femto deployment without backhaul, the two CSI measurement restriction subsets should be configured to be complementary according to the ABS pattern. In this case, the “complementary set” is null.
In the case of macro pico deployment, X2 interface between the macro and pico nodes allows the TDM partitioning to be adaptive to mobility and traffic pattern. In the LS received from RAN1 [2], the following description was given on the TDM pattern exchange between the nodes:

· Patterns are semi-statically updated, i.e. not faster than existing Rel-8/9 X2 RNTP signals 

· One bitmap indicates the subframes which are ABS 

· A second bitmap indicates a subset of the subframes indicated by the first bitmap, which are recommended to receiving node for configuration of restricted RLM/RRM measurements 
· ….
The second bitmap used for RLM/RRM measurements are expected to change at a larger timescale compared to the first bitmap, which indicates the actual ABS pattern. This two bitmap pattern design allows a more static configuration for restricted RLM/RRM measurements, which incurs RRC overhead and delay, while allowing a semi-static update of the actual ABS pattern for capacity/performance enhancement.  Similar to RLM/RRM configuration, the CSI measurement reconfiguration should not occur very often due to RRC configuration overhead and delay.  

For example, in a macro pico deployment, the macro may allocate one or two fixed ABS subframe in every 8 subframes in the second bitmap for picos to configure UE measurements under severe macro interference. On the other hand, the macro could semi-statically update the actual ABS pattern to some superset of the fixed pattern. For example, 

· Bitmap 1: [1xxxxxx0]

· Bitmap 2: [10000000]

Note that bitmap 2 is one of the candidate measurement patterns captured in the agreed RLM/RRM WF [3]. Bitmap 1 is a superset of bitmap 2 with the restriction that at least one subframe is preserved to be non-ABS to maintain signalling radio bearers in the macro. Bitmap 2 is expected to be relatively stable while bitmap 1 could be adaptive.

Observation 2: In a macro pico deployment, the two bitmap design over X2 allows adaptive ABS partitioning while maintaining stable interference over a smaller subset of subframes.
In [4], semi-static and adaptive resource partitioning schemes are compared in terms of cell capacity with realistic bursty traffic for a mixed macro and pico deployment. In this experiments, 4 picos are deployed in each macro cell with 25 UEs uniformed distributed in the macro coverage area. A Poisson traffic model was used to model an HTTP or FTP session for each UE, where total offered load per cell increases from 10 to 32 Mbps. The detailed simulation assumptions are listed in Appendix. 
The objective of this experiment was to determine the maximum served throughput under a macro cell coverage subject to certain outage criteria for different resource partitioning (RP) schemes. In Figure 1, the served throughput per cell is plotted against the edge UE throughput for four different RP schemes: Rel-8, no resource partitioning; semi-static resource partitioning; adaptive resource partitioning with 50 and 1000 ms updating period. It is observed that corresponding to a 2 Mbps edge UE throughput, no RP could served 18.5 Mbps offered load, while semi-static and adaptive RP schemes served 25 to 27.5 Mbps. Corresponding to a 6 Mbps edge UE throughput, no RP could serve 14 Mbps offered load, while semi-static and adaptive RP schemes served 12.5 and 18 Mbps. The loss of semi-static RP is scheme is due to the loss of trunking efficiency when ABS pattern does not adapt to the traffic pattern.
In summary, these results indicate that adaptive resource partitioning could provide more robust performance under realistic traffic model compared to semi-static resource partitioning.
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Figure 1 Served cell throughput and edge UE throughput for mixed macro and pico deployment
In order to support such adaptive partitioning scheme without frequency CSI reconfiguration that follows each resource partitioning change, the CSI measurement restrictions should be derived based subframes with a stable interference profile. If a restricted CSI subset contains subframes with different interference level, the corresponding CSI report will be invalid.
In the example given above, two periodic CSI measurements could be configured in the pico cells with the following bitmaps:
· CSI_1 (clean CQI): CQI/PMI/RI feedback based on interference measurement in restricted subsets [10000000, 10000000, 10000000, 10000000, 10000000]. This set of measurements corresponds to macro ABS subframes.
· CSI_2 (unclean CQI): CQI/PMI/RI feedback based on interference measurement in restricted subsets [00000001, 00000001, 00000001, 00000001, 00000001]. This set of measurements corresponds to macro normal subframes.
Note that the complementary set in this case is [01111110, 01111110, 01111110, 01111110, 01111110], which corresponds to the subframes that could be dynamically allocated between the macro and pico cells.

The pico cell could use either the clean or unclean CQI for scheduling in each subframe depends on the actual ABS pattern. For example, assume at time T the true ABS pattern is [11001100, 11001100, 11001100, 11001100, 11001100]. In this case, the pico could use the clean CQI over subframes [0, 1, 3, 4, …] and use the unclean CQI over other subframes.
Observation 3: In a macro pico deployment, the two CSI measurement restriction subsets should be configured over subframes that have a stable interference profile. In this case, the “complementary set” corresponds to the subframes available for adaptive resource partitioning. 
Answer to Q1: 
· In the macro pico scenario, the two bitmap X2 design is optimized for adaptive resource partitioning. 
· The corresponding CSI measurement restriction subsets design is expected to result in a complementary set which corresponds to subframes available for adaptive resource partitioning.

· Interference profile over the complementary set is expected to be adaptive and unknown to the UE.

2.2. Aperiodic CSI Scheduling 
Aperiodic CSI has been designed to supplement the periodic CSI with more detailed channel state information such as multiple-PMI, multiple subband feedback. The scheduling of aperiodic CSI over PUSCH might be limited by the DL  scheduling constraints. If the duty cycle of the restrictive pattern is relatively low, restricting aperiodic CSI over non-complementary set might impose too much restriction for scheduling purpose.

The dual-CSI feedback mechanism via 2 CSI restriction subset may also need additional supplementary aperiodic CSI feedback. In a practical cellular network, a pico cell may experience high interference from multiple macro cells. These macro cells may not be perfectly coordinated in terms of ABS allocation. In this case, the interference profile cannot be sufficiently captured with 2 CSI measurement subsets.

In the following experiment, we demonstrate the DL capacity of a macro/pico networks with different feedback granularity: 2 or 8 CSI groups. It is observed that in a Rel-8 network, adding picos only improve the performance for a small fraction of the UE, while eICIC schemes allows performance improvements for most UEs. Figure 1 shows that the baseline 2 periodic CSI feedback scheme provides 42% gain in the median throughput compared to the Rel-8 macro/pico network. In addition a more granular feedback scheme could provide 83% gain. 
Note that a better feedback granularity could be achieved by configuring aperiodic CSI feedback over the complementary set in addition to the 2 periodic CSI feedbacks in the baseline.
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Figure 2 eICIC performance sensitivity to CQI feedback granularity
Answer to Q2: 

· In some cases, restricting aperiodic CSI over non-complementary set might impose too much restriction for PUSCH scheduling.

· There are use cases where the performance with two periodic CSIs could be further enhanced with aperiodic feedback configured over the complementary set. The eICIC performance gain over Rel-8 macro/pico deployment could potentially be improved from 42% to 83%.
2.3. Complementary Set Interference Measurement

As pointed in answers to Q1, the interference profile over the complementary set is unknown to the UE. In this case, if the UE behavior is not defined by RAN4 performance spec, a UE may average the interference measurements over ABS and normal subframes. In this case, both the demod and CSI feedback performance will be severely degraded. The degradation is implementation dependent based on different averaging schemes.

A proper behavior for UEs under high interference which is time varying is not to performance interference averaging cross adjacent subframes. One could either perform single subframe interference estimation, or average over subframes that correspond to the same DL HARQ process, which has a relative stable interference profile.

Answer to Q3: 

· Averaging interference measurements over complementary set could potentially severely degrade the UE performance.
· No subframe averaging or averaging over subframes that correspond to the same DL HARQ process are two candidate solutions.

3. Conclusions

In this contribution, we analyzed scenarios where “complementary set” could be used. Based on the analysis we provide answers to the following questions:
Q1: Under which scenarios will there be a complementary set, i.e., there exists subframes not covered by the two CSI restriction patterns? What is the expected interference characteristics over the complementary set?

Answer to Q1: 

· In the macro pico scenario, the two bitmap X2 design is optimized for adaptive resource partitioning. 

· The corresponding CSI measurement restriction subsets design is expected to result in a complementary set which corresponds to subframes available for adaptive resource partitioning.

· Interference profile over the complementary set is expected to be adaptive and unknown to the UE.

Q2: Should we allow aperiodic CSI to be scheduled over the complementary set?

Answer to Q2: 

· In some cases, restricting aperiodic CSI over non-complementary set might impose too much restriction for PUSCH scheduling.

· There are use cases where the performance with two periodic CSIs could be further enhanced with aperiodic feedback configured over the complementary set. The eICIC performance gain over Rel-8 macro/pico deployment could potentially be improved from 42% to 83%..

Q3: If we allow aperiodic CQI to be scheduled over the complementary set, what is the proper interference measurement restriction?

Answer to Q3: 

· Averaging interference measurements over complementary set could potentially severely degrade the UE performance.

· No subframe averaging or averaging over subframes that correspond to the same DL HARQ process are two candidate solutions.

We recommend the group to provide feedback to RAN1 based on the analysis shown above. A draft LS reply is prepared in [5]
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Appendix Simulation assumptions for adaptive resource partitioning

We consider the following deployment scenarios with 2x2 antenna configuration and a 10MHz system bandwidth.

· Co-channel deployment without resource partitioning (RP), where there is no interference management and serving cell selection is based on 

· Best RSRP 

· Biased RSRP, with pico cell bias values of 3dB and 6dB.

· Range Expansion (RE): Co-channel deployment where increased footprint for low power nodes is enabled and combined with enhanced interference management via resource partitioning among cells. The resource partitioning can be:

· Semi-static: fixed over the entire simulation time, based on estimated long-term statistics of user association and assuming full buffer traffic. 

· Adaptive: resource partitioning is updated periodically. Local partitioning algorithm based on average number of served UEs is utilized. Macro eNB controls partitioning of resources between itself and pico eNBs under its footprint. Pico eNB coordinate resource partitioning only with a single macro eNB

· Two scenarios are considered

· 50ms update period

· 1000ms updateh period

For the resource partitioning case, the serving cell for each UE is first determined based on the best DL RSRP with a fixed 18 dB bias towards the hotzone (low power) cells. In addition, the serving cell is guaranteed to have a geometry -18dB or higher. Therefore, if after applying the bias, UE geometry is below – 18 dB, UE remains associated with a macro eNB. Once the serving cell is selected, it is fixed and no longer changed. After that, resource partitioning algorithm is performed to coordinate inter-cell interference as described above.

In this contribution, the consider configurations  #1, 4a and 4b [2]. Both the UEs and the hotzone cells are randomly dropped. The density of the hotzone (pico) cells is 4 hotzones/macro cell for configurations 1 and 4a, and 2 hotzones/macro cell in configuration 4b. In particular, the following aspects are considered:

· Scheduling: We focus on proportional fair (PF) scheduling.  

· Vertical Antenna: Vertical antenna as defined in the Appendix of TR 36.814 [2] is enabled, where the electrical antenna downtilt 
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 = 10 degrees, which we believe better reflect realistic deployments.

· Channel Model: Both NLOS and LOS based path loss modelling is considered.

· Traffic Model: FTP traffic model 1 from [2] is considered. 
The simulation run time is relatively short (40 seconds), and,  for this reason, even for the case where there are no stability issues, the served throughput results are sometimes slightly lower than targeted offered load. The statistics are collected only after the warm up of 10 seconds is completed. In addition, all data transmitted over the air is computed in the cell throughput, while only completed file transfers are counted towards UE throughput. 

The performance metric is the user throughput (mean, median and 5%), cell throughput under various loading conditions. As pointed out in the tables, when the offered load increases, the user data rate decreases. Therefore, the served throughput increases up to a certain point where it starts to saturate due to the cell capacity limitations. Beyond this point (denoted as “stability” in the tables), the served throughput in the system cannot sustain the offered load and it becomes unstable. 
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