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1. Introduction
Four key deployment scenarios are identified in previous RAN1 meetings to facilitate further discussion on COMP scheme design and evaluations [1]. For Phase 1 evaluation, the scenarios focus on homogeneous networks with RRH type deployments, but with low-latency co-ordination between inter-site high power class RRH. Our previous contributions [2]

 REF _Ref300562983 \r \h 
[3] presented evaluation results for CoMP schemes using joint processing, dynamic transmit point selection and coordinated beamforming techniques with scenario 2.  Some of our key observations and conclusions can be summarized as follows:

· Larger gains are obtained with Joint Processing schemes, and in particular with non full buffer traffic models. The gains are also larger for cell edge throughput and for 2Tx deployments. The performance gains are robust to CQI mismatch, but we also observe that CQI degradation is larger with non-full buffer traffic models.

· Coordinated beamforming schemes also provide considerable gains if antenna configuration supports significant spatial component. But our observation is that the gains are reduced significantly with realistic CQI.

In this contribution, we present further study and details of Phase 2 evaluations with heterogeneous type deployments with low power RRH using coordinated scheduling schemes. Evaluation results with JT-MIMO transmission schemes are presented in a companion contribution [4], using similar techniques to our Phase-1 evaluation. 
We study 1Tx and 2Tx (cross-pol) deployments, where in the absence of spatial component, we investigate the more straightforward interference avoidance based on power control and muting of interferers in the coordination cluster. In particular, we focus on Coordination Scheduling (CS) schemes which are extensions of dynamic point selection (DPS) schemes [Draft TR 36.819], by also allowing silencing of significant interferers to further improve cell-edge performance. 

2. New Issues for CoMP in Heterogeneous Networks
CoMP Phase-1 studies focused on the homogeneous networks with low latency coordination with up to 9/21 cells. For Phase 2, coordination is assumed between a macro cell site and all the cells in its coordination area. The main difference is the different power class and the coverage area of the individual coordinating cells, which results in macro serving many more UEs than an LPN.   
Significant performance gains are already observed with the addition of new LPNs within macro coverage area. The key target for coordination schemes should be to protect cell-edge UEs within the cluster. Such victim UEs could be either i) a Macro UE seeing a significant LPN interference ii) an LPN UE seeing significant Macro interference or  iii) an LPN UE seeing significant LPN interference. The specified schemes should enable the network to protect such UEs by appropriate muting/power control on the interferer node. Such muting can be performed adaptively depending on the varying traffic loads in different cells within the cluster and dynamic channel conditions in time and frequency.

Most performance gains should also be achievable with coordinated interference management and without extensive spatial coordination or requiring joint transmissions between heterogeneous nodes (these are investigated in a companion contribution [2]). Support of such operation enables applicability of CoMP even in channels with no significant spatial component like 1Tx deployments and 2Tx cross pole deployments. JT schemes can always be used to further enhance these methods.

In this contribution, we study interference coordination schemes based on coordinated cell selection and cell silencing, where a UE and network determine the suitable serving cell(s) to the UE and also the cells that must be muted for interference avoidance to the UE. This can be viewed as an extension of eICIC based schemes, which are based on a pre-determined semi-static coordination/silencing in time, but in addition taking advantage of faster backhaul connection and potential of more dynamic co-ordinations in scenarios 3 and 4. 
Cell-Edge vs Cluster Edge UEs
We can define the cell-edge UEs as the UEs that see low SNRs, when connected to a single cell/TP. On the other hand cluster-edge UEs would be those that see large component of interference from outside the cluster and experience low SNRs even if complete coordination were possible within the network. Dynamic coordination within the coordination cluster would improve the cell-edge UEs only if they are not also cluster-edge UEs. To improve performance of such UEs, additional semi-static coordination may be needed across clusters using eICIC type of methods. 
3. Overview of Coordinated Scheduling Operation

CoMP with multi-antenna joint transmission can exploit spatial domain and benefits from a combination of beamforming and interference nulling. However, the associated performance gains could require some additional complexity of UE spatial feedback and may be limited by accuracy of realistic feedback. JT schemes can be designed as more straightforward extension, but requirements on time synchronization may be a concern for coherent JT schemes.
One alternative is to achieve interference management using dynamic cell selection, cell silencing and more generally power control within the coordination cluster, where individual RRH use power back-off or muting on certain resources to reduce interference to other co-scheduled UEs served by the eNB. The reduced power may be reallocated using FDM resource partitions. Using such dynamic power back-off, power reallocation, and user selection significant gains may be expected, mainly for the cell-edge users. The framework may also be extended to include spatial components. Initial results with DCS schemes in our previous contribution showed improvement for cell-edge UEs with realistic traffic models [2].
In the existing eICIC schemes, the number of resources to be blanked at a particular node is determined semi-statically and spatial domain is not used. Further, individual cells mute transmissions on a subframe basis using a subframe muting pattern which is semi-statically configured, depending on the average load in Macro/Pico layers. This allows the individual cells to set up CSI measurements transparently to the UEs, by specifying resource restrictions to support measurements which are based on the blanking patterns. Such measurements correspond to performance expected under the corresponding muting hypotheses, which is then used by the eNB to schedule users between the muted almost blank subframes (ABS) and non-ABS subframes.

In general, the semi-static operation is well-suited especially with limitations on backhaul coordination, where cells cannot coordinate effectively or only coordinate on a high latency connection like X2. On the other hand, with envisioned scenarios for RRH deployments that support low latency fiber connections, joint scheduler implementations are feasible which allow more dynamic interference management in both frequency and time domain. A cell may mute partially on some resources or attenuate power and may also reallocate the power in frequency domain. Further, such management can also target interference coordination and avoidance in all cases of i) Macro-Macro ii) Pico-Pico iii) Macro-Pico and iv) Pico-Macro interference and not limited to inter-layer interference coordination. However, new measurements must be enabled to support such operations efficiently in a scheduler.
Essentially, interference management is performed in the power and frequency domain, where individual RRH use power back-off or silencing on certain resources to reduce interference to other co-scheduled UEs served by the eNB in that resource. The reduced power may be reallocated using FDM resource partitions. 


[image: image1.emf]UE 1

UE 4 

UE 2 

UE 2

UE 3 

UE 5 

UE 6 

UE 5 

Cell 

1

Cell 

2

Cell 

3

Cell 

4

FDM 

Resource 1

FDM 

Resource 2

FDM 

Resource 3

FDM 

Resource 4

Cell 

5

UE 7 

UE 7 

UE 7 

UE 7 

UE 1


Figure 1 – Example Resource and UE Allocation among the cells in the co-ordination cluster
The figure above shows an example interference management scheme with five coordinating cells each with four FDM partitions. In this case, UEs 1 and 2 are assigned resources in cell 1, which transmits in all its resource partitions. UE 1 sees significant interference from cell 2; hence cell 2 is muted on resource where cell 1 transmits to UE 1. Similarly, UE 4 sees significant interference from cell 3 and corresponding resource is also muted. Cell 4 is muted on all resource, as it has significant interference to all selected UEs (1-7), while Cell 5 transmits in all partitions as it does not interfere significantly with UEs 1-6. More generally, a scheduler can perform the selection of users and cell association and cell muting over a set of FDM partitions as shown in the figure.
The above scheduling approach can provide performance gains over a full reuse approach, since elimination of interference could lead to significant gains for cell-edge UEs, while also potentially improving or retaining cell-average gains. 

If we consider a single cell system, whenever certain resources are muted for transmission and the power is re-allocated to other resources, there is an associated performance loss due to the nature of rate metrics. On the other hand, in interference limited multi-cell networks, reduction of interference at one TP, can benefit multiple UEs, thereby improving performance at one or more UEs that may offset performance loss due to muting.  A joint scheduler may perform these decisions, if it has access to the associated cost metrics at each UE/node that reflect the corresponding transmit muting configurations. 
4. Enabling Coordinated Cell Selection and Silencing Schemes
The eNB scheduler requires accurate CSI information (CQI, PMI, RI or similar) based on muting of transmissions in other cells to improve scheduling decisions in the joint scheduler. At a high level, there are two ways of obtaining this information.
1) Based on UE CSI reports with information of active cell selection and muted cell selection reports and corresponding CSI.

2) RRC configured CSI reports with a particular transmit configuration reflecting active and muted cells. Network can determine such configuration based on certain long-term measurements on the uplink or long-term RSRP type reports from the UE.
Some options to implement these are further discussed below.

4.1. UE Reports
UE reports feedback corresponding to multiple CSIs implicitly or explicitly based on measurements for each transmit muting configurations. Some options are captured below.
Multiple-CSI Feedback
The UE reports multiple CSIs (CQI/RI/PMI) corresponding to more than one transmit configuration. As a simple example, UE computes 
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based on no muting at all and computes 
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 based on the assumption of muting the most significant cell(s). Some information of both these CSIs may be feedback to the eNB. As another example, 
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could instead be based on muting of all the coordinating cells in the cluster, which captures the out-of-cluster interference.
Selection based on a CQI offset 
The UE may also down select to a single transmit configuration and feedback corresponding CSI. For example, such down selection can be performed based on a comparison of CQI (or rate) of supported configurations as follows,
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based on a CQI offset
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. The offset intends to capture the benefit of one CQI over the other to system spectral efficiency, which may be partly controlled by the eNB. It may be a pre-defined offset or a pre-configured offset by higher layers. The offset could be predefined based on effective number of cells or antenna ports used for transmission, in which case it is essentially a normalization factor. In determining such effective number of cells, muted cells can be counted as utilized resource. Another way is to simply require a minimum CQI improvement.
The down selection at the UE may limit the flexibility at the scheduler if the recommended selection is not used. At the same time, multiple CSI feedback may impose too much overhead if many transmit muting configurations are used and may not be efficient or even necessary. A trade-off would be to have baseline CSI feedback assuming no muting and a second CSI feedback that could be based on muting of either a significant interferer or muting of all interferers. 

4.2. Network configuration
With an explicit network controlled configuration, eNB coarsely determines the cells that are to be silenced based on long-term measurements, the network state and the traffic load in other cells, and relies on the UE for short-term fine tuning based on accurate CQI reports reflecting such configurations. Some variations are described below.
Muted Cell Set  
The UE is informed of the muted cells. As example, let us assume cells C= {C1, C2,..CN} form the coordinating set configured for the UE and C0 is the serving cell. Then the UE is informed of the set of cells S among the configured set that can be assumed to be muted for transmission. In other words, an eNB could decide to always (semi-statically) mute an interferer to a cell-edge UE to improve its performance.
Antenna Selection and Muting 

The eNB may also configure such reports based on the total set of antenna ports that represent the aggregate from all the transmission points, instead of individual cells. In this case we can have similar operations as above with cells replaced by antenna ports.  A muting pattern could be then based on the configured CSI-RS ports for transmission. To summarize this case, UE follows the following steps for reporting,

i. Derive the set of active antennas from eNB configuration. 

ii. Choose the codebook of the corresponding size for PMI reporting modes. May be limited by supported codebook sizes.
iii. Derive the set of inactive antennas. 
iv. Compute CSI based on such selection. PMI/RI are chosen based on the codebook selected.

Further, muting configuration can be signaled as part of a single aperiodic request or as a semi-static configuration.
Target CQI Request

In another approach, an eNB may request UE to determine the muting configuration required for achieving a certain minimum CQI, or delta CQI improvement over baseline CQI. The UE can take this into account and find the most efficient muting pattern to achieve such CQI or indicate it is not achievable, in which case a scheduler may determine that the cell-edge UE may be experiencing predominantly out-of-cluster interference.
5. Evaluation Results 
As an initial study, we look at simplified schemes and provide some preliminary results. Details are described below.
5.1. Network Configuration

The network sets up CSI-RS configuration capturing physical antenna ports from all the TPs in the cluster (5 TPs). The UE is aware of the individual CSI-RS antenna ports associated with each TP.  The figure below, illustrates the allowed configurations conditioned on selected serving cell being cell 1. For the dominant interfering cell, the UE could choose among six transmit muting configurations corresponding to muting of i) “None”, ii) “Cell2”, iii) Cell3”, iv) ”Cell4”, v) ”Cell5”, or vi) ”All” interferers.
5.2. UE Feedback
UE selects configuration (i) always as baseline transmit configuration 
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with no muting of any TPs in the cluster, and another one from among the remaining five transmit configurations. The second transmit configuration is only selected if there is at-least a gain of one CQI index corresponding to CQI supported with baseline configuration. Selection between configurations ii), iii), iv), v) is performed based on the best CQI. Let us refer to it as 
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. Configuration vi) is only selected if it achieves an additional gain of a CQI index level from 
[image: image9.wmf]1

CQI

. The corresponding transmit muting configuration index is feedback. 
Further, if only configuration i) is selected CQI feedback is similar to existing Rel-10 feedback and only corresponding 
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 is reported. If on the other hand, an additional configuration 
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 is also selected, 
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 is also computed corresponding to the selected configuration. The feedback of both configurations is multiplexed in frequency or time to maintain similar overhead as baseline Rel-10 feedback scheme. For periodic feedback, this could be achieved by alternating feedback between two configurations in each periodic report. For aperiodic feedback, this could be done by sending 
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 on even and 
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 on odd sub-bands. 
PUSCH 3-1 is used in the results with CSI0 and CSI1 multiplexed in frequency. So the overhead increase is only due to indication of muting configuration, which reflects the significant interferer and the serving TP.
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Figure 2 – Illustration of UE Reports with CS
5.3. Scheduler

The joint scheduler sets up transmission from the set of controlled RRH to the selected set of UEs in each subband. This is performed based on the feedback from the UEs as defined in the previous section.

A rate metric is associated with each transmit configuration, where each transmit configuration is essentially one of the configurations for which feedback is available. 
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where 
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are the set of active TPs in ith transmission configuration, 
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are the set of UEs with TP s as the serving (highest signal strength) TP and 
[image: image19.wmf](,,)

Rusi

is the associated rate when the UE u is served by TP s and the interference is as experienced with transmission configuration i, and N is the number of supported transmit configurations (N=6 in the previous example).  
The rate is calculated directly from the CQI as based on the UE reports. If 
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 is not reported or if configuration i is not the second selected configuration
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, then rate is approximated as
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otherwise rate is set based on CSI corresponding to the reported configuration
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6. Evaluation Results for Configuration 1
The results are shown with full buffer and two antenna configurations i) 1Tx, 2Rx ii) 2Tx, 2Rx. The tabulated cell average throughput is the total throughput supported over the whole sector area (including the 4 LPNs). Additional simulation assumptions are summarized in the Appendix. When a cell is muted on an FDM resource, unused power is not reallocated.
	Transmission Mode
	Cell Average Throughout (Mbps) and Percentage Gain
	Cell Edge Throughout (Mbps) and Percentage Gain

	SU-MIMO
	63.036
	
	0.303
	

	SU-MIMO (DCS)
	62.960
	0%
	0.323
	6.7%

	SU-MIMO (CS)
	64.924
	3%
	0.344
	13.6%


Table 1 - Full Buffer Results for 1Tx, 2Rx
	Transmission Mode
	Cell Average Throughput  (Mbps) and Percentage Gain
	Cell Edge Throughput (Mbps) and Percentage Gain

	SU-MIMO
	74.344
	
	0.312
	

	SU-MIMO (DCS)
	74.200
	0%
	0.335
	7%

	JT-MIMO
	76.353
	3%
	0.354
	13%

	SU-MIMO(CS)
	75.812
	2%
	0.342
	9%


Table 2 – Full Buffer Results for 2Tx, 2Rx
Based on the above full-buffer result, for 1Tx we see mainly cell-edge gains of ~14% using coordinated scheduling schemes, while 7% gains are observed with DCS schemes. On the other hand, for 2Tx, slightly lower gains are obtained, which are also lower than JT-MIMO gains, but comparable. Further details of JT operations are provided in [4]. 
7. Conclusions

In this contribution, we investigated Coordinated Scheduling schemes which enable interference coordination with cell muting of significant interferers. Initial results with full buffer traffic show cell-edge gains of ~14% with this scheme in 1Tx deployments. Further optimization should be studied to improve the gains,
1) No power reallocation is performed when a cell is muted on some resources. Power reallocation can be further investigated for additional improvement.  
2) eICIC is not used in our evaluation. The cell muting schemes can be used in addition to eICIC schemes to improve coordination within the cluster, while relying on eICIC for UEs that see predominant out-of-cluster interference.
We also note that CS schemes could be a robust alternative to JT schemes if impairments like timing synchronization are a concern in deployments.
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APPENDIX

	Parameter
	Value

	Deployment scenarios
	Heterogeneous Network [Scenario 3]
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Configuration #4b [TR 36.814] with N low power nodes per macro cell

Configuration #1 [TR 36.814] with N low power nodes per macro cell

N = 4
Coordination Area: 1 cell with N low-power nodes


	Channel Model
	Ref [36.819] 

	High power RRH Tx power (Ptotal)
	Ref [36.819]

	Number of UEs per cell
	25 or 30 (for Full Buffer)

5-40 (Non-Full Buffer)


	System bandwidth
	10 MHz 

	Possible transmission schemes in DL
	i) SU-MIMO

ii) SU-MIMO with dynamic cell selection (DCS)
iii) SU-MIMO with coordinated Scheduling (CS) using dynamic cell selection and cell muting 

	Legacy UE impact
	Not modeled

	Network synchronization
	Ideal Synchronization

	Timing Error
	Baseline: 0 us

	Antenna configuration
	At each RRH

1 Tx, 2Tx XPOL
At the UE

2Rx ULA for 1Tx at eNB
2Rx XPOL for 2Tx XPOL at eNB



	Antenna pattern
	Ref [36.819]


	eNB Antenna tilt
	Ref [36.819]


	Channel estimation
	Modeled for DMRS, Ideal for CSI-RS (Further Detail below)

	UE receiver
	MMSE

	DL overhead assumption
	Same overhead assumed for all schemes as follows

· 4 subframes out of 10 have an overhead of 3 OFDM symbols (PDCCH) + 2CRS ports outside PDCCH region + DMRS
· 6 subframes out of 10 have an overhead of 2 OFDM symbols for PDCCH + DMRS.

	Placing of UEs
	Ref [36.819]

	Traffic model
	Full buffer 

	Backhaul assumptions
	 Point-to-point fiber, zero latency and infinite capacity

	Link adaptation
	Non-ideal; Delayed CSI with HARQ; No estimation errors; Outer Loop

	Allocation
	Subband Size of 6 RBs; Subband CQI/PMI

Wideband RI,

	No of Drops
	10

	Inter-cell Interference Modeling
	Scheduling is explicitly modeled in all cells;

Frequency selective interference is considered from up to 6 significant interferers and the rest are modeled as flat AWGN. 

	Feedback Mode
	Implicit PMI/CQI Feedback;

UEs report CQI/RI on each subband of 6 RBs; 

UEs report muting configuration on wideband; 
CQI0/CQI1 Feedback for one or two transmit configurations;

Feedback multiplexed in frequency to keep same overhead;
Other details similar to PUSCH 3-1, 10ms report cycle


Table 1: System simulation parameters for CS Evaluation

Channel Estimation Model

In the evaluation, the following model is used for the estimated channel,
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A straightforward baseline design is assumed for channel estimation. The channel estimation filters are assumed to be available/designed for three different SNRs and three different Dopplers. In the receiver, for an estimated SNR and Doppler the filter with the nearest design SNR and Doppler is selected. The estimation error variance is modeled as Gaussian with error variance parameterized as follows
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where the first component captures interpolation error (mainly useful for high SNR/Doppler) and second component captures noise gain of the filter. 
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