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1. Introduction
At the March-2011 RAN plenary, a new Rel-11 Work Item on carrier based HetNet ICIC for LTE was approved (RP-110437). For easy reference, the objectives of this new work item are repeated here [1]:
· Evaluate the performance benefits of having interference management on carrier resolution between different BTS nodes in the defined HetNet environments (3GPP TR 36.814). (RAN1 based on RAN3 requests) 

· Study inter-node signalling needed for robust autonomous solutions, where each BTS node selects to use the carrier(s) that maximize the overall network performance (RAN3).

· Focus on solutions with no physical layer impact that would work for both legacy Rel-8/9 UEs, as well as benefit from optimizations available for Rel-10/11 UEs supporting carrier aggregation. Thus the solutions shall rely on existing UE features in different Releases. Realistic assumptions for availability of UE measurements and power consumption to be used.
· Focus on solutions which do not require tight synchronization between eNodeBs.
In this contribution we further elaborate on our ideas and initial proposals for this work item. The contribution is organized as follows: In section 2 we further motivate carrier based interference management, as well as refer to related work presented during the LTE-A Study Item phase and in the open literature. Section 3 contains discussion of possible scenarios where carrier based interference management techniques can bring benefits. In Section 4 we outline initial concept considerations for carrier based interference management, followed by some high-level discussions on the corresponding standardization impact in Section 5. Finally, a summary with proposal for way forward for this new Rel-11 Work Item is presented in Section 6.  
2. Background and Motivation
In LTE Rel-8 inter-cell interference coordination (ICIC) was studied for macro scenarios. That work resulted in standardization of X2 signaling such as Relative Narrowband Transmit Power (RNTP) indicator, High Interference Indicator (HII), and Overload Indicator (OI). The RTNP, HII, and OI basically facilitate intra-carrier frequency domain ICIC methods on PRB resolution for the data channels. An enhanced ICIC (eICIC) schemes is currently being finalized for LTE Rel-10. The Rel-10 eICIC is basically an intra-carrier time-domain interference management technique, which is designed for solving interference problems between macro and HeNBs, as well as between macro and pico nodes. Thus, LTE Rel-8 through Rel-10 does not currently include standardized interference management techniques, where the carrier domain is exploited, nor does it contain techniques for interference coordination between densely deployed small cells such HeNBs and pico’s.

Conducting the interference coordination in carrier domain between different cells is considered to be relevant as operators are likely to have multiple carriers available for LTE deployment in the future. Those carriers may be in same band, or in different bands. It is therefore considered useful to further study and standardize carrier based HetNet ICIC techniques that can help facilitate optimal use of available spectrum assets between different base station nodes. Performing the interference coordination in the carrier domain also have the advantage that it helps protect both control and data channels, can work for legacy UEs, as well as can be combined with carrier aggregation techniques for Rel-10 UEs. 
During the LTE-A Study Item, interference coordination on carrier resolution was also discussed – as an example, see [2]-[4]. Here, it was found that carrier based interference coordinated between clusters of densely deployed small cells provides significant benefits. Similar findings have been published in the literature [5]-[6], [9]-[10], also showing benefits of using autonomous carrier based interference management techniques, relying solely on light inter-node signaling as well as exploiting standard available UE and (H)eNB measurements. Attractive gains were observed for both, downlink and uplink performance. Finally, the LTE-A Study Item report [TR 36.814] also shortly summarize possibilities for carrier based interference management in heterogeneous networks by exploiting Rel-10 carrier aggregation mechanisms and cross-carrier scheduling, as illustrated in Fig. 1.
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Fig. 1: Simple illustration of carrier-based interference management between macro and pico. Source: LTE-A SI Technical Report 36.814.
3. Candidate Scenarios for Carrier Based ICIC

In this section we further discuss the various scenarios where carrier based interference management is expected to have the highest potential. That is, scenarios where the overall system performance benefit from operating with some degree of resource partitioning in the frequency domain on a carrier resolution.
Macro-only scenario
For scenarios with only planned macro-eNB deployment, it is typically found that the best system performance is achieved by using plain frequency reuse. Hence, for such an environment, carrier based interference management is not expected to provide significant benefits and is therefore not recommended be the focus for these studies.

Macro + pico scenario
For scenarios with macro + pico there is, in some cases, benefit from introducing some degree of resource partitioning between the two base station layers (see illustration in Fig. 2). Depending on the density of pico nodes and the traffic carried by those, it is sometimes beneficial to have part of the resources allocated exclusively to picos. This was also observed for the Rel-10 TDM eICIC studies, i.e. sometimes it is found beneficial to mute macro in selected subframes in order to make these subframes available for pico only. For carrier based ICIC, this would be equivalent to having some carriers for pico-only. However, whether it is beneficial, or not, to enforce some degree of frequency reuse between macro and pico depends on many factors, including the time-variant traffic distribution. Therefore it is considered useful to have an autonomous concept, where the used carriers by macro and pico are self-adapting without the need for pre-planning. Such self adaptation could be facilitated via light inter-eNB signaling, combined with usage of local eNB and UE measurements for sensing the radio environment. Finally, for cases with dense deployment of pico’s, there could also be benefits from some resource partitioning between the picos. 
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Fig. 2 Simple illustration of scenario with macro and pico, including clusters of densely deployed pico nodes.
Similarly as discussed for the macro + pico environment, scenarios with deployment of e.g. irregular macro and micro cells can also benefit from some kind of frequency reuse. However, also here it is difficult to determine the optimum configuration of carriers for different eNBs at the network planning phase, as it also depends on several time-variant factors. Hence, also for this scenario, we believe that it is an advantage to have an autonomous carrier based ICIC solution that is capable of self adjusting based on simple inter-eNB signaling and the use of various standard available radio interface measurements..

Macro + HeNB scenario:
Especially for the case with CSG HeNBs, it have been found in numerous studies that there is an overall system benefit from enforcing some degree of resource partitioning between macro and HeNBs. This is basically required in order to avoid risks of experiencing macro-layer coverage holes from co-channel deployed CSG HeNBs. Thus, configurations with macro-layer escape carrier(s) free of CSG HeNB operation are typically recommended; for more details see the study in [8]. For scenarios with Open Access or Hybrid Access HeNBs, the requirements for resource partitioning becomes less stringent, and also dependent on several other time-variant factors such a traffic distributions, HeNB activity, etc. As the HeNBs are typically considered uncoordinated (i.e. user installed without operator control), it would therefore also be beneficial to have autonomous distributed solutions assisting on the carrier selection to have network operating as optimal as possible, i.e. having support for carrier based ICIC. 
For cases with dense indoor deployment of HeNBs (either with CSG or Open Access), it have furthermore been found from previous studies that the performance is maximized by using some frequency reuse [4]-[6]. As an example, Fig. 3 shows the experienced downlink SINR footprint for the aforementioned scenario. As the HeNBs are deployed in an uncoordinated manner, and are not always on, autonomous solutions are required in order to have the system operate at the optimal frequency reuse configuration. Such solutions were studied in [4]-[6], showing that it can be achieved with light inter-node signaling and smart usage of standard available air-interface measurements. Since X2 is not expected for inter-CSG signaling, it basically means that inter-HeNB carrier based ICIC would mainly be for the enterprise scenarios where HeNBs share the same CSG IDs and therefore X2 interface is available between HeNBs. 
[image: image3.emf]
Fig. 3 Simple illustration of SINR footprint for scenario with dense deployment of HeNBs. Cases with Closed Access and Open Access HeNBs is shown. Source: [7].

Notice that carrier-based interference management is useful also for HeNBs supporting operation on only one carrier at a time. Let us illustrate with the following simplified example on how carrier based interference management could work for HeNB:

· When a new HeNB is turned on and while still not serving any users, it shall autonomously select the carrier to use from set of available carriers for this particular node.

· The HeNB would benefit from having knowledge of which carriers are currently selected by other neighboring HeNBs (e.g. facilitated via inter-HeNB signaling), as well as various air interference measurements, for selecting the best carrier to use.

· Once the HeNB is operational on a carrier, it should only change it if there is significant performance gain from doing that. Then, during periods with no Connected mode users on the HeNB, the HeNB could re-evaluate if there is a better carrier to select for its operation.

· If the HeNB supports operation on multiple carriers (as e.g. under discussion in new Rel-11 SI on HetNet mobility improvements for LTE – see details in RP-110438), the HeNB may start operation on more than one carrier. Conditions for the latter are further discussed in the following section.
4. Initial Concept Considerations
It is assumed that carrier based interference management is operating on a rather modest time-scale, as it is not desirable to have different base stations enable/disable carriers on a fast time-scale. We therefore assume that the adaptation should be on the order of at least several seconds, or even much slower. One possible starting point for the design of carrier based interference management could be the following three fundamental premises:
1. Each base station node always has the right to have at least one active carrier enabled from the set of possible candidate carriers. Selection of this carrier shall preferably be done to minimize interference towards surrounding cells.
2. For additional capacity increase, a base station node may choose to enable additional carriers.
3. However, a base station node is only allowed to enable additional carriers given that this does not result in excessive interference for the surrounding base station nodes.
Given these three premises, each base station node first starts operating by using one carrier. This carrier is autonomously selected by the base station node with the objective of minimizing the interference towards neighboring nodes. If additional capacity is needed, the base station node may chose to enable additional carriers. However, as expressed in the third condition, the base station node is only allowed to take additional carriers into use if it does not cause excessive interference towards neighboring nodes. The latter condition is important to avoid so-called greedy nodes that start causing excessive interference, resulting in an overall systems performance loss.

As previously indicated in [2]-[6], it seems feasible to utilise a rather simple concept fulfilling the presented fundamental premises based on light signaling between base station nodes. Additionally, currently standardized local base station and UE measurements could be utilised. As an example, such measurements would include:

· UE measurements such as Reference Signal Received Power (RSRP) and Reference Signal Received Quality (RSRQ) as available for standardized mobility purposes.

· eNB measurements such as uplink Received Interference Power (RIP).
· HeNB measurements collected during network listen mode (NLM), where downlink measurements are collected from other eNBs and/or HeNBs.
The aforementioned measurements can be used at each base station node to sense and “learn” the local environment. This is especially considered useful for small base station nodes such as pico and HeNBs, while even simpler mechanisms are likely to be sufficient for macro-eNBs, c.f. the discussions in Section 4 on scenarios for carrier based interference management.
It shall naturally be possible for operators to control the degree of freedom for each type of base station node, so that an operator can, for instance, configure macro-eNBs to statically use certain set of carriers if that is considered desirable. Thus, it would be desirable to have the option of configuring the degrees of freedom for carrier based ICIC from OAM, including having the option to full disable this functionality.
5. Standardization aspects

As stated in the Work Item description, the objectives start with [1]:
· Evaluate the performance benefits of having interference management on carrier resolution between different BTS nodes in the defined HetNet environments (3GPP TR 36.814). (RAN1 based on RAN3 requests) 
As it has been mentioned above, benefits of carrier-based ICIC were identified already during LTE-A Study Item phase (see also LTE-A TR), which was prepared mainly in RAN1. The scope of work proposed in the document does not exceed principles discussed at the study time, so at this moment involving of other WGs is probably not necessary. 
Two following objectives are probably the most important ones:

· Study inter-node signalling needed for robust autonomous solutions, where each BTS node selects to use the carrier(s) that maximize the overall network performance (RAN3).

· Focus on solutions with no physical layer impact that would work for both legacy Rel-8/9 UEs, as well as benefit from optimizations available for Rel-10/11 UEs supporting carrier aggregation. Thus the solutions shall rely on existing UE features in different Releases. Realistic assumptions for availability of UE measurements and power consumption to be used.
The main goal for standardization under this work item is the inter-node signaling for facilitating carrier information exchange. No physical layer updates are expected to be studied under this work item. This basically implies that the work on carrier based ICIC could continue in RAN WG3 for the time being, with focus on discussing potential X2 enhancements. Here X2 enhancements refers to either adding new messages, or new Information Elements (IE) to existing messages, to enable implementation of carrier based ICIC. Part of such work should include analysis of whether existing X2 messages / IEs could be generalized or extended to facilitate carrier based ICIC.
6. Summary 
In this contribution we have further elaborated on various aspects related to the recently approved Rel-11 WI on carrier based HetNet ICIC for LTE. Based on our initial considerations we propose the following for the coming studies: 
Basic concept considerations:

· Carrier based ICIC is considered to operate on a rather modest time-scales, say, on several seconds, or typically much slower, as it is not desirable to have eNBs switch on/off carriers on a very fast basis.
· Goal should be design of a simple and distributed autonomous carrier selection solution, where individual eNBs are capable of intelligently selecting carrier(s). The degree of freedom for eNBs to autonomously select carriers should be controllable by operators; e.g. via configuration from OAM.
· The selection of carriers shall be facilitated via light X2 signaling and usage of Rel-8 to Rel-10 standard available air-interference measurements (e.g. measurements defined in 3GPP TS 36.214).

· As given in the WI description, the concept shall work for both legacy UEs, as well as for Rel-10 UEs supporting CA. 
The work shall focus on following use cases:

· Carrier selections for macro and pico/micro eNBs in a coordinated manner assisted via X2 signaling.
· Mechanisms where the macro layer is providing guidance to HeNBs on which carriers are available for their usage. Since X2 between macro and HeNBs can not be assumed to be available always, other mechanisms may be needed here. 
· Carrier selection for densely deployed small cells with available X2, such as pico nodes or enterprise HeNBs, to alleviate interference between those small cells. In case of HeNBs, the concept should be designed to work with HeNBs supporting operation on single carrier only, as well as more advanced HeNBs that may support simultaneous operation on multiple carriers (if such will be supported in Rel-11).
For now, it seems that the work on carrier based ICIC could be limited to RAN3 scope with focus on identifying required X2 signaling. 
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