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1
Introduction
A study item on enhanced CoMP (eCoMP) operation was agreed at the last meeting of RAN plenary [1].  The study item description tasks RAN1 to evaluate the performance of coordinated scheduling schemes in scenarios comprising multiple eNBs with non-ideal backhaul.  The objective is to identify whether sufficient gain can be obtained to warrant the specification of inter-eNB signaling in RAN3. 
In this contribution, we compare the three scenario types mentioned in the SID and provide a prioritization according to our expectations of achievable gains. We also discuss evaluation of Coordinated Scheduling under the Small Cell Enhancements Scenarios 2b/3 which are not currently in the eCoMP candidate scenarios  A companion contribution addresses inter-eNB signaling [2].  . 
2
Scenario classification
The study on enhanced CoMP encompasses three scenario types, which are shown in Table 1 and differ both in terms of propagation conditions and inter-eNB coordination assumptions.  First, homogeneous CoMP scenario 2 is considered as defined during the Rel-11 CoMP study [3].  Coordination is assumed between three macro cell sites, each consisting of three macro cells, respectively.  Second, small cell scenario 1 is similar to Rel-11 HetNet CoMP scenario 3 with the exception that small cells are dropped in clusters and that a larger number of small cells may be present.  Third, small cell Scn-2a is considered for which coordination is assumed among the small cells within a small cell cluster.  This is a new scenario that has not been considered in previous releases. 
	Homogeneous Scn-2
(“Homogeneous eCoMP”)
	Small cell Scn-1
(“HetNet eCoMP”) 
	Small cell Scn-2a
(“Small cell eCoMP”)
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Figure 1: Comparison of eCoMP scenarios.
The remainder of this section compares these three scenarios and provides a prioritization according to the amount of gain that may be achieved in each scenario. 

2.1
Homogeneous eCoMP
Rel-11 CoMP scenario 2 (referred to as “homogeneous CoMP” in the following) was studied in the first phase of the Rel-11 CoMP study item.  Compared to CoMP scenario 1, which is restricted to intra-site coordination, scenario 2 entails coordination across three macro sites.  The enlarged coordination area benefits UEs that are located at the intersection of these cell sites.  However, this subset of UEs is relatively small because the placement of cell sites and antenna directions seeks to minimize inter-site interference in the first place.  UEs that are located at the edge of two sectors associated with the same cell site do not see benefit from inter-eNB coordination because intra-site CoMP already realizes those gains.  

To assess the benefit associated with inter-eNB coordination, we conducted system level simulations.  We assumed a coordinated scheduling/beamforming scheme that is similar to techniques considered in previous releases [4].  In short, every cell in the coordination area initially comes up with a tentative, non-cooperative scheduling decision that is based on instantaneous channel conditions and fairness considerations.  Tentative scheduling decisions are exchanged among cells in the coordination area and are refined in an iterative fashion.  To achieve cooperation and fairness across cells, an aggregate utility metric is considered which not only takes into account a cell’s own utility but also factors in the impact that a cell’s scheduling decision and beam selection may have on adjacent victim UEs. Several rounds of iterations are carried out in order to arrive at final scheduling and beam selections. Further details regarding the algorithm are described in [4] and [5].  

In Table 1 we present system evaluation results for the above scheme (simulation assumptions are listed in the appendix in Table A.1).  The results show that inter-eNB CoMP achieves only small gain over intra-eNB operation.  It should be noted that the evaluations have relied on optimistic CSI feedback schemes that go beyond what is available in Rel-11.  Further, the assumption that utility metrics can be exchanged on the backhaul does not appear realistic in practice.  Even under such optimistic assumptions, there is only small gain associated with homogeneous inter-eNB CoMP. 
Table 1: Performance results for CBF-CoMP. 
	Degree of
Coordination
	5% UE spectral efficiency [bps/Hz]
	Average cell spectral efficiency [bps/Hz]

	Single cell SU/MU-MIMO
	0.163
	3.937

	Intra-eNB CoMP
	0.171
(+4.9% over single-cell)
	4.117
(+4.6% over single-cell)

	Inter-eNB CoMP
	0.184
	+7.6%
	4.196
	+1.9%


In our view, it is important to assess the benefit of inter-eNB CoMP with respect to an intra-eNB baseline.  Clearly, intra-eNB CoMP can be realized already using Rel-11 features, and the current study should therefore focus only on the benefit that inter-eNB signaling enhancements may provide. 
In light of the above results, it appears that homogeneous eCoMP is unlikely to motivate the specification of additional inter-eNB signaling.  The specification impact associated with homogeneous CoMP seems fairly substantial, and would comprise at least two forms of new backhaul messages: (1) messages that convey (possibly compressed) CSI information to other cells; and (2) messages that inform cells of coordination decisions made by other nodes.  Further, in homogeneous eCoMP there is no single cell that could take the form as a “master” in carrying out the coordination task.  A cluster-head or other entity would therefore need to be designated, if coordination decisions are to be made at a single node; otherwise, iterative backhaul negotiations may need to be performed, which exacerbates delay and negatively affects performance. 
In light of the standardization impact, we propose to focus the current study on the HetNet and small cell eCoMP scenarios.  If sufficient benefit is identified for those scenarios, and any inter-eNB signaling enhancements are specified, those enhancements will anyway be applicable to homogeneous CoMP as well. 

Proposal 1: 

· For homogeneous eCoMP, inter-eNB operation only results in marginal gain over intra-eNB operation. 
· Deprioritize homogeneous eCoMP; focus on HetNet and small cell eCoMP scenarios instead. 
2.2
HetNet eCoMP
Small cell scenario 1 (referred to as “HetNet eCoMP” in the following) shares many similarities with HetNet CoMP Scn-3 studied in Rel-11.  In particular, coordination is assumed between macro cells and a number of small cells in their coverage.  CoMP primarily targets UEs at the boundary between macros and small cells, e.g., UEs located in the cell range expansion region.  In principle, coordination among small cells could be considered as well although the SID [1] appears to preclude that type of operation in the HetNet eCoMP scenario.  In our understanding, coordination among small cells is only considered for scenario 2a (“small cell eCoMP”).  In practice, however, techniques considered under scenario 2a may equally well be applied to HetNet eCoMP, at least in ABS subframes. 
Coordinated scheduling has been studied for HetNet Scn-3, and many of the proposed techniques relied on a centralized entity performing the scheduling coordination.  Indeed, this was well-motivated in Rel-11 because a perfect backhaul was assumed to be available between the macro cells and remote radio heads (RRHs).  The present study departs from this assumption and therefore requires that schemes be adapted to the non-ideal backhaul.  
Rel-11 introduced a number of new features to support CoMP operation, including the concept of CSI processes and interference measurement resources (IMRs).  It is desirable to build upon these concepts and to minimize changes to the air interface to the extent possible.  Indeed, in line with the SID [1], the study should focus on the possible introduction of new inter-eNB signaling. 
Based on the above objectives, we propose a scheme that improves the performance of UEs that are associated with small cells but impacted by macro cell interference.  In particular, these UEs benefit from providing CSI feedback that is conditioned on a particular scheduling hypothesis at the macro cell (e.g., in terms of precoder selection).  The more accurate CSI feedback resulting from such operation can be used by the small cells to make better scheduling decisions and improve link adaptation.  On a high-level, this scheme shares some similarities with centralized scheduling methods, except that only a single macro cell scheduling can be considered. 
The above operation does not require that macro cell scheduling decisions be conveyed explicitly to the small cells.  Instead, to reduce backhaul information exchange, the small cell UE may take the macro cell scheduling decision into account implicitly, by relying on prescheduling at the macro and IMR configuration.  
This concept is illustrated in Figure 2.  At time n, a precoded signaling reflecting a scheduling decision taken by the macro is transmitted on REs that small cell UEs use for interference measurement.  The signal may – but need not – be used by the macro for PDSCH transmission in that subframe.  For example, the macro may configure a ZP CSI-RS resource that occupies said REs and transmit a “dummy signal” on those REs, which has the sole purpose of being used by small cell UEs for interference measurement.  At time n+4, small cell UEs report CSI that reflects the scheduling decision advertised by the macro at n.  The CSI information may then be used by the small cells to perform more accurate scheduling decisions in future subframes, e.g., starting from subframe n+8.  Of course, the macro needs to use the same scheduling decisions in subframes n+8 to n+12 (assuming 5ms IMR periodicity).  Note that prescheduling is needed only at the macro; the scheduling of small cells is not constrained. 
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Figure 2: Prescheduling timeline for HetNet eCoMP. 
System-level simulations have been conducted to evaluate the performance of the above scheme.  The simulation assumptions were selected in accordance with the small cell study item and the parameters in Table A.2.  The results are compared with an eICIC performance baseline that does not perform prescheduling.  

The results in Table 2 show that the proposed scheme results in a small performance gain of approximately 4-5%.  The small gain is not too surprising and quite well-aligned with our Rel-11 results that showed modest gain even with perfect backhaul assumptions.  It could not be expected that a greater gain would be achieved under non-ideal backhaul assumptions. 
Table 2: Performance results for HetNet eCoMP. 
	Degree of
Coordination
	5% UE spectral efficiency [bps/Hz]
	Median UE spectral efficiency [bps/Hz]
	Average cell spectral efficiency [bps/Hz]

	eICIC baseline
	1.390
	4.497
	5.920

	eCoMP
	1.414
	+1.7%
	4.681
	+4.1%
	6.193
	+4.6%


Although the gain associated with this scheme is comparable to the gain achievable with homogeneous eCoMP, we think that the concept of prescheduling in HetNet eCoMP should be considered further as part of this work item.  This position is motivated by the small standardization impact associated with this proposal.  Essentially, only two minor enhancements would be required to support this proposal: 

1. Restrict the IMR measurement interval for CSI feedback to the latest IMR resource (e.g., through RRC configuration); and

2. Facilitate inter-eNB configuration of IMR resource and prescheduling intervals (e.g., over X2 or other suitable interfaces). 

The relatively small standardization impact is in contrast to homogeneous eCoMP in which support for a more elaborate, iterative scheduling coordination scheme would need to be considered.  The standardization impact associated with homogeneous eCoMP is therefore significantly larger and may not be sufficiently motivated by the modest gains.  

Proposal 2: 

· Consider prescheduling and IMR measurement restriction as a means for coordinated scheduling with limited backhaul inter-eNB signaling impact. 
2.3
Small cell eCoMP
Among the three scenarios considered in this study item, small cell scenario 2a (referred to as “small cell eCoMP” in the following) is the only one that has not been studied in previous releases.  On one hand, small cell eCoMP is similar to a homogeneous deployment; as there is no difference in transmit power level among cells.  On the other hand, the location of small cells is random and not uniform as for macro cells.  Potentially, this may change interference statistics significantly.  

Given that small cells transmit with the same power level, it is expected that full frequency reuse will be beneficial for the majority of cells.  However, for some small cells, e.g., those that happen to be located in close proximity, it may be favorable to orthogonalize.  Such orthogonalization could be performed on a dynamic basis, resulting in a form of dynamic FFR.  
An example of such operation is shown in Figure 3.  Small cells A and B respectively serve a number of UEs that report CSI under multiple hypotheses.  For example, UEA may report CSI under the assumption that small cell B is active or inactive.  Likewise, UEs associated with small cell B may provide CSI assuming that small cell A is active or inactive.  This feedback of CSI information can be used to determine whether dynamic FFR should be performed. 
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Figure 3: CSI feedback in support of small cell eCoMP. 
The above CSI feedback can be realized in several ways, all of which are consistent with Rel-11 features (e.g., multiple CSI processes or multiple subframe sets can be used).  However, for inter-eNB operation, new backhaul signaling is needed.  On a high-level, two types of metrics are needed: (1) exchange of CSI-related metrics based upon which the network can decide the resource allocation; and (2) messages that convey the outcome of the network decision to the appropriate cell. 
With regard to the backhaul exchange of CSI-related metrics, it appears infeasible to employ metrics that are specific to a network’s implementation details.  However, the forwarding of CSI feedback, perhaps in aggregated form, could be considered as long as the associated overhead increase is not prohibitive.  The backhaul signaling that conveys the networks decisions could be based on similar messages that exist today. 
The standardization impact of this scheme is comparable to homogeneous eCoMP.  While further study is needed to assess the amount of gain that can be achieved, in our view a more significant gain compared to homogeneous CoMP is needed to motivate the specification efforts.  We have done some further and separate analysis of coordinated scheduling under idealized assumptions for the Indoor Hotspot environment which is discussed in the next section. 
3
eCoMP in Indoor Hotspot Environment

Under the umbrella of Small Cell Enhancements study item, we have evaluated coordinated scheduling schemes for Indoor Hotspot environment, (SCE Scenario 2b/3). Under the SCE evaluation methodology, Scenarios 2b/3 refer to deployment of small cells in indoor environments in absence of a Macro cell on the same layer [6].  Currently SCE Scenarios 2b and 3 are not part of the considered scenarios for eCoMP. Yet, at least under idealized assumptions, coordinated scheduling may provide good performance benefits in these scenarios. Here we evaluate a special case derived from SCE scenario 2b/3, under dense small cell deployment, and examine the benefits of coordinated scheduling vis-a-vis no coordination and static/semi-static long term coordination such as Release 8 ICIC. 
3.1
Reuse 1, Static ICIC and Coordinated Scheduling

The scenario considered is a single cluster of two buildings of two floors each with 4 small cells per floor deployed in accordance with the methodology of [7] for ‘Indoor Hotspot’ case with Scenario 2b (dense) and Scenario 3 (dense) settings. This scenario highlights strongly interference limited indoor scenarios. 

We focus on traffic of FTP Model 1[8], arriving 100% indoors inside the buildings, all of which is served by the small cell layer. An aggressive offloading criterion from Macro layer in SCE deployment Scenario 2b, or SCE Scenario 3 itself, would correspond to this scenario. The association within the small cells is assumed to be best downlink. 

The arrival rate is varied from average of 1 to 3 bursts per small cell/per second. The coverage of the small cells is different, resulting in different mean arrival rates at individual small cells. Table A.4 provides some resource utilization statistics for these rates under Reuse 1 operation. 

The schemes compared are (a) Universal Frequency Reuse (Reuse 1) (b) Static ICIC with Hard FFR with reuse 2/3 (1/3rd of the resources are vacated/turned off by each cell) (c)   Static ICIC with soft FFR and reuse 2/3 (i.e. in 1/3rd of the resources the small cells serve its users at reduced power) (d) coordinated scheduling among all the cells in the coordination area (16 cells). Coordination is dynamically used to identify resources vacated by a cell to benefit users on other cells. Although no architecture is assumed for coordination, the coordinating entities need to collect CSI related metrics from the UEs and need to communicate the scheduling decisions reached to eNBs.  All the schemes, including the coordinated scheduling assume idealized assumptions of perfect rate prediction. The coordinated scheduling is not performed between UEs, but instead among small cell resources. Each of the small cells is assumed to be running its own (proportional fair) scheduler among active bursts on the available/coordinated resources.  The parameters of ICIC schemes are selected among a finite collection to provide best performance. The selection of resources to vacate in static ICIC scheme is done by a self- organization algorithm. 

Figures 4(a)-(c) show the User Perceived Throughput (UPT) distribution observed for 3 loading conditions/arrival rates. These arrival rates correspond to on average 1.5, 2 and 2.5 bursts/per small cell/per second.  
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Figure 4: ((a) Top, (b) Bottom left (c) Bottom right) User Perceived Throughput distributions under average arrival rate of (a) 1.5, (b) 2 and (c) 2.5 bursts per second per cell. The 90th percentile (evaluated on cells) of mean resource utilization of a small cell under Reuse 1, is 22%, 40% and 67% respectively.

As expected, at low arrival rates, Reuse 1 operation continues to perform well and static ICIC schemes performance is inferior due to unnecessary vacating of resources. On the other hand, as the arrival rate increases, the need for interference coordination increases and ICIC based schemes, outperform Reuse 1 at the median and the tail. This is apparent in the highest arrival rate scenario. Further, ICIC with Soft FFR regains some of the performance loss observed in peak rates under ICIC with Hard FFR by continuing to serve good users on all resources. 

 Coordinated scheduling provides overall better performance at all arrival rates. The gains are smaller at low arrival rates but are significant when the system becomes more loaded.  At arrival rates higher than those shown here, some of the cells approach full resource utilization under the Reuse 1 operation, while they continue to be stable under coordinated scheduling. In those scenarios, unlimited gains may be observed in the User Perceived Throughput metric.
Note that the evaluation of this section is done under idealized assumptions on rate prediction. These performance gains will be tempered when constraints such as backhaul delay, periodicity/frequency of coordination are incorporated and used with non-ideal modeling assumptions. The layout, the traffic scenario and performance metrics used Indoor Hotspot evaluations is significantly different from those used for Homogeneous eCoMP evaluation in Section 2.1; therefore the conclusion of promised (high) gains of coordinated scheduling in Indoor Hotspot study is not in conflict with the observed (low) gains in the Homogeneous eCoMP study. Further study is needed to evaluate the achievable benefits of eCoMP under non-ideal assumptions. 

Proposal 3: 

· Study SCE Scenarios 2b/3 as part of the evaluation scenarios in eCoMP study item. 
· Further study is needed to evaluate gains achieved in small cell eCoMP and to identify if backhaul signaling enhancements are needed to facilitate coordination.
4
Backhaul information exchange

Various types of inter-eNB signaling may be considered in support of eCoMP.  One way of classifying such signaling can be based on the frequency of such signaling.  For example, if signaling is restricted to aligning configuration parameters, the associated signaling will be infrequent.  In contrast, if the goal is subframe-level coordination, the signaling will need to occur much more frequently. 
4.1
Static signaling
Semi-static backhaul signaling may suffice for schemes in which coordination is limited to aligning system parameters, such as the configuration of CSI-RS, IMRs, or other air interference-related parameters.  For example, the prescheduling scheme proposed for HetNet eCoMP falls in this category and does not require frequent information exchange on the backhaul.  If RAN1 recommends the specification of such scheme at the end of this study, it should be left up to RAN3 how this signaling should be performed. 
In our view, schemes that rely on semi-static backhaul signaling should be preferable from the viewpoint of standardization complexity.  Presumably, standardization of such messages, and associated testing efforts, are simple vis-à-vis proposals that require dynamic information exchange. 
4.2
Dynamic signaling

If the gain achievable with dynamic backhaul signaling is significant enough to warrant the increased standardization complexity, it appears that two new types of messages will need to be introduced: (1) signaling conveying CSI-related metrics that can be used to make coordinated scheduling decisions; and (2) signaling that informs cells of decisions that were made by either another cell or some other entity. 
The CSI related metrics could consist of an aggregated or compressed version of CSI information reported by the UE, e.g., similar to our proposal in Section 2.3.  It should be discussed whether the way of performing aggregation or compression should be standardized to ensure consistent eNB operation across vendors.  The second type of inter-eNB signaling, which conveys scheduling decisions to cells, could be similar to existing messages. 
5
Conclusions

Homogeneous eCoMP
· For homogeneous eCoMP, inter-eNB operation only results in small gain over intra-eNB operation. 
· Deprioritize homogeneous eCoMP; focus on HetNet and small cell eCoMP scenarios instead. 
HetNet eCoMP
· Consider prescheduling and IMR measurement restriction as a means for coordinated scheduling with limited backhaul inter-eNB signaling impact. 

Small cell eCoMP
· Further study is needed to evaluate gains that can be achievable in small cell eCoMP. 
·  Study SCE Scenarios 2b/3 as part of the evaluation scenarios in eCoMP study item. 
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A
Appendix

A.1
Evaluation assumptions for homogeneous eCoMP

Table A.1: Simulation assumptions for the evaluations in Sec. 2.1. 
	Parameter
	Value
	Parameter
	Value

	Deployment
	3GPP Case 1
	UEs/cell
	10

	Number of antennas
	4Tx, 2Rx
	CSI feedback
	ideal feedback of dominant eigen-directions

	Antenna configuration
	ULA
	Link adaptation
	non-ideal

	Antenna downtilt
	10 degrees
	Bandwidth
	10MHz

	Fast fading
	SCM-E High spread
	Overhead
	not accounted for

	Coordination area
	as defined in [3]; 
57 cell setup in total
	Receiver
	MMSE-IRC


A.2
Evaluation assumptions for HetNet eCoMP

Table A.2: Simulation assumptions for the evaluations in Sec. 2.2. 
	Parameter
	Value
	Parameter
	Value

	Deployment
	SCE Scn-1
	Link adaptation
	non-ideal

	Number of antennas
	2Tx, 2Rx
	Bandwidth
	10MHz

	Antenna configuration
	Xpol
	Overhead
	22%

	UEs/cell
	30
	Receiver
	MMSE-IRC

	CSI feedback
	Rel-11 implicit feedback
	Resource portioning
	eICIC: 3/8 ABS subframes eCoMP: 2/8 ABS subframes


A.3
Evaluation assumptions for Indoor Hotspot evaluation

Table A.1: Simulation assumptions for the evaluations in Sec. 3
	Parameter
	Value

	Common Assumptions

	Deployment
	2  nearby Buildings of Indoor Hotspot Environment [3]

	Layout 
	Dense (4 Small Cells per floor)

	Indoor arrivals in the hotspot buildings
	100%

	Bandwidth
	10 MHz

	Burst Size
	0.5 MBytes

	Interference from unloaded cells (cells with no users)
	Not modeled

	Coordinated Scheduling Assumptions

	Coordination area for scheduling
	2 Buildings (16 small cells)

	Per-cell Scheduling
	Proportional Fair subject to coordination constraints

	Coordination information
	CSI and RSRP

	Link adaptation
	Ideal

	Static ICIC assumptions

	Vacated Resource fraction
	2/3 (shown)

	Vacated Resource Selection
	Self-organization algorithm (static)

	Soft FFR
	2 Power levels (High/Low)


A.4
Mean Cell Resource Utilization under Reuse 1

Table A.4 captures the statistics of observed mean cell resource utilization as the arrival rate is varied

Table A.2 Statistics of Mean Cell Resource Utilization under Reuse 1 operation taken across cells 

	Mean Small Cell Resource Utilization under Reuse 1
	Average Arrival Rate 

(Bursts/Second/ Small Cell)

	
	1.5 
	2
	2.5

	50th percentile 
	17%
	31%
	50%

	90th percentile
	22%
	40%
	67%
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