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1
Introduction
In this contribution we outline the basic requirements and proposed working assumptions for ensuring that a new radio 5G design is tailored to support efficient network-based inter-cell interference coordination (ICIC). In presenting this, we build on the learnings from LTE, and high-light the known “ICIC bottlenecks” for LTE that should be circumvented for a new clean-slate 5G design. Moreover, also the need for more agile ICIC mechanisms towards the support of URLLC [1] use cases are elaborated, as well as the importance of having ICIC benefits made equally available for both control and data channel transmissions. The scope of this contribution is limited to downlink performance aspects. 

Section 2 outlines our various ICIC considerations, starting with methods for coordinated muting and power boosting, followed by a discussion of the interaction between network-based ICIC and the use of advanced Rx. Further, the importance of highly agile ICIC actions and richer UE feedback measurements are discussed, as well as ICIC for common control channels. Section 3 concludes the contribution with a series of proposals.
2
Inter-Cell Interference Coordination
2.1 
Basics of coordinated muting and power-boosting
The old acquaintance of inter-cell interference will continue to be a limiting factor also for a new 5G radio design, and hence calls for efficient network-based ICIC mechanisms, as well as receiver-based interference mitigation schemes. LTE already include a variety of network-based ICIC mechanisms such a Rel-8 ICIC (RNTP, HHI), Rel-11 feICIC, and Rel-12 eCoMP (as examples, see the overviews in [2-4]). Those schemes where mainly designed for improving the network performance for MBB traffic, considering KPIs such as average cell throughput and 5% outage cell-edge user throughput, and hence not considering the new use cases with URLLC and mMTC as outlined in [1]. Furthermore, the suite of LTE ICIC solutions were mainly design for protection of data channel transmissions (PDSCH) and did not include comparable mechanisms for protection of user-specific control channels carrying scheduling allocations (i.e the PDCCH). However, as the end-user performance is very much dependent on user-specific control channels carrying scheduling allocations, it is desirable to target a more generic network-based ICIC design for a new 5G radio that offer benefits for both control and data channel transmissions. As an example, the performance of URLLC is to a large extent limited by the control channel detection probability. Our first proposal therefore yields as follows:    
Proposal 1: Downlink dynamic network-based ICIC shall be supported to improve the performance of both control channel and data channel reception for both TDD and FDD.

Adopting the well-known notation of victim UE and aggressor cell, it is desirable to have the option of muting a certain set of contiguous time-frequency resources of the aggressor cell, such that the victim UE can be served on those radio resources. For such scheme to work optimally, complete muting of the aforementioned contiguous time-frequency resources of the aggressor cell shall be possible. This means no data channel transmissions, no control channel transmissions, and no reference signal transmissions. Similarly, the serving cell for the victim UE should be able to transmit both control and data (including related reference symbols) on the radio resources that are muted for the aggressor cell (see Fig. 1). Making this possible, would essentially fully unleash the ICIC gains for the victim UE as the interference for reference symbols, control and data channel reception is improved. Note that the former is not fully supported for LTE. A possible solution allowing the desired ICIC mechanism for 5G is outlined in [5].
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Fig. 1: Simple illustration of aggressor cell muting to protect a victim user. 

Proposal 2: It should be possible for an aggressor cell to completely mute a contiguous block of time-frequency resources, while allowing a neighbouring cell to transmit both control channel scheduling information and data channel on these resources. Thereby achieving the benefits from muting for both control and data channel reception.

Proposal 3: There shall be support for dynamic downlink power boosting of both user-specific control channels carrying scheduling information and corresponding data transmissions to a user. The maximum value of allowed power boosting (relative to the nominal value) is for further study.

The suggested inter-cell coordination shall be supported via exchange of inter-cell (inter-eNB) coordination messages on backhaul links between eNBs, as well as for centralized RAN implementations with fronthaul connections and RRHs. The rate of coordination will naturally be subject to backhaul latency constraints, and potential fronthaul latency constraints for centralized RAN implementations with RRHs.
2.2 
Maximizing the benefits of advanced Rx

It is expected that a new 5G radio design will include UEs with interference mitigation capabilities. That being in the form of either linear interference suppression schemes such as MMSE-IRC and/or non-linear interference cancellation schemes aka NAICS/MUST type of solutions. When designing the network-based ICIC solutions, the benefits of UE interference mitigation receiver shall therefore be taken into account. As an example, it makes little sense for the network to mute an aggressor cell that the UE is anyway capable of heavily suppressing or completely cancelling. Thus, network-based ICIC scheme shall be designed to work for both cases with simple receivers, advanced interference suppression/cancellation receivers, as well as a mixture of receiver types. Thus, the following is proposed:

Proposal 4: It should be possible to leverage the benefits of network-based ICIC and UE-side interference mitigation to attain maximum synergies. 

It is well-known from numerous fundamental studies [6-9] that the performance of advanced interference aware receivers does not only depend on the power of the received interfering signals, but also on the rank of the interfering signalling, i.e. the number of interfering streams. This opens using new domains of ICIC for 5G as compared to what has been considered for LTE. As a few examples, a victim UE capable of suppressing a single interfering stream can fully suppress the signal from an aggressor cell if using Rank-1 transmission. If the aggressor cell is using higher Ranks, the UE can no longer fully suppress it. This has led to the solution proposals in [10-11] to use network-based inter-cell Rank coordination to jointly maximize the benefits of network-based ICIC and the use of MMSE-IRC receivers. On a similar note, for UEs with non-linear interference cancellation capabilities (e.g. NAICS with SLIC), the interference cancellation efficiency obviously improves if the interfering signal is transmitted with low modulation order as compared to higher modulation order. Hence, this opens for development of new inter-cell modulation coordination schemes, where an aggressor cell e.g. is subject to restrictions on the maximum modulation order to make it more likely that the victim UE can successfully cancel it. This type of solutions would essentially require that cells coordinate to set restrictions for the maximum modulation order and/or Rank, while allowing the cells to still perform fast link adaptation within the ranges of allowed modulation orders and Ranks. The possible rate of inter-cell coordination will naturally be subject to backhaul latency constraints, and potential fronthaul latency constraints for centralized RAN implementations with RRHs. In summary, these observations lead to the following proposal: 

Proposal 5: The performance of receivers with interference suppression and/or cancellation capabilities not only depend the receive powers of the interfering signals but also on their rate, and especially on the used rank and modulation scheme. Options for inter-cell Rank and Modulation scheme coordination shall therefore be further investigated.
2.3 
Agile ICIC actions and enhanced UE feedback 
In order to unleash the full gain potential from using network-based ICIC, it should be possible to take fast actions to efficiently adopt to time-varying conditions. As an example, the study in [12] shows that the dominant interfering aggressor cell index for a given victim UE may in fact vary relative fast, calling for support of highly agile ICIC actions. LTE feICIC mainly offered support for configuration of periodic (repetitive muting patterns) [4], while it is proposed to also have support for fast on-demand “one-shot” ICIC actions for the 5G new radio (e.g. instant muting of a single subframe). The former is especially of relevance for protection of URLLC that could benefit from fast instant interference reductions. The possible rate of inter-cell coordination will naturally be subject to backhaul latency constraints, and potential fronthaul latency constraints for centralized RAN implementations with RRHs. The ICIC solution for 5G shall be sufficiently sophisticated to also fully gain from advanced centralized RAN implementations with RRHs, etc.
Proposal 6: There shall be flexible support for both dynamic on-demand inter-cell coordination, as well as configuration of periodic time-frequency ICIC patterns.

Measurements from UEs is naturally important input for the network-based ICIC decision making. LTE already include a rich set of options for feedback measurements (e.g. UE RRM measurements, legacy CSI, as well multi-cell CSI/IMR as standardized for CoMP). At least comparable UE feedback measurements shall be supported for 5G, including efficient support to facilitate the new suggested to domains of ICIC operation as e.g. outlined in Proposals 4 and 5). Especially UE feedback that more explicitly include the terminals advanced receiver benefits are suggested to be further studied. In summary, leading to the following proposal. 
Proposal 7: Enhanced UE reporting schemes to further assist the network in making efficient inter-cell interference coordination decisions shall be further investigated, including e.g. multi-cell CSI schemes or other relevant information that can help the network to build interference maps. 
2.4 
ICIC for cases with beamforming

The use of more extensive beamforming (BF) at the basestation opens new opportunities for enhanced inter-cell coordinated BF, as compared to what is supported for LTE today. The use of massive MIMO and 3D grid-of-beams (GoBs) should be effectively exploited to more efficiently managed inter-cell interference (as well as intra-cell inter-beam interference). The type of BF used for the 5G new radio may have dependencies on the carrier frequency; both in terms of the actual concept design as well as on the preferences for fully digital BF, analog BF, or hybrids of digital and analog BF. This leads to the following proposal: 

Proposal 8: Solutions for inter-cell coordinated beamforming shall be further investigated to efficiently manage inter-cell interference. It is desirable to have solutions that covers different frequency bands, as the preferred beamforming solution and implementation may differ depending on the used band.  
2.5 
ICIC for common control channels
It is also desirable to have network-based ICIC for common control channels that are essential for efficient network operation. Those include e.g. broadcast channel that carries system information and cell-specific synchronization or cell-discovery channels. Such common channels should generally be decodable by a UE even before getting a data connection from the cell. Especially scenarios with aggressive use of inter-cell load balancing are challenging, and calls for special means to ensure good common channel reception even from cells that does not necessarily corresponds to the cell with lowest experienced path loss. As an example, it was shown in the past 3GPP LTE feICIC studies that reception of BCH was a challenge if using larger values of cell range expansion (i.e. cell individual offset) [4]. The latter problem was a result of colliding BCH transmisions from neighboring cells, as the BCH in the LTE design appears at the same centre PRBs, and same time-instant for all cells (assuming time-synchronicity). Given this learning from the LTE studies, it is desirable to investigate enhanced solutions for the 5G new radio design that allows using ICIC mechanism such as e.g. coordinate muting to ensure good common channel performance. The former essentially calls for a common channel design where the transmission of such channels does not necessarily collide between neighboring cells. Hence, allowing cell A to mute the time-frequence resources where cell B is transmitting its common channels, and vice versa. Thus, leading to the following proposal:
Proposal 9: It is desirable to have support for efficient inter-cell interference coordination also for downlink common control channels such as system broadcast, etc. This calls for studying options where downlink transmission of common channels does not necessarily collide between neighboring cells.
3
Conclusion
The contribution is concluded by summarizing our proposals for network-based ICIC. Those proposals are applicable for both FDD and TDD, as well as different frequency band operations: 

Proposal 1: Downlink dynamic network-based ICIC shall be supported to improve the performance of both control channel and data channel reception for both TDD and FDD.

Proposal 2: It should be possible for an aggressor cell to completely mute a contiguous block of time-frequency resources, while allowing a neighboring cell to transmit both control channel scheduling information and data channel on these resources. Thereby achieving the benefits from muting for both control and data channel reception.

Proposal 3: There shall be support for dynamic downlink power boosting of both user-specific control channels carrying scheduling information and corresponding data transmissions to a user. The maximum value of allowed power boosting (relative to the nominal value) is for further study.

Proposal 4: It should be possible to leverage the benefits of network-based ICIC and UE-side interference mitigation to attain maximum synergies.
Proposal 5: The performance of receivers with interference suppression and/or cancellation capabilities not only depend the receive powers of the interfering signals but also on their rate, and especially on the used rank and modulation scheme. Options for inter-cell Rank and Modulation scheme coordination shall therefore be further investigated.

Proposal 6: There shall be flexible support for both dynamic on-demand inter-cell coordinated, as well as configuration of periodic time-frequencyICIC patterns.

Proposal 7: Enhanced UE reporting schemes to further assist the network in making efficient inter-cell interference coordination decisions shall be further investigated, including e.g. multi-cell CSI schemes or other relevant information that can help the network to build interference maps. 

Proposal 8: Solutions for inter-cell coordinated beamforming shall be further investigated to efficiently manage inter-cell interference. It is desirable to have solutions that covers different frequency bands, as the preferred beamforming solution and implementation may differ depending on the used band.  
Proposal 9: It is desirable to have support for efficient inter-cell interference coordination also for downlink common control channels such as system broadcast, etc. This calls for studying options where downlink transmission of common channels does not necessarily collide between neighboring cells.
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