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1
Introduction
As in LTE, interference will continue to be a limiting factor in the new 5G radio design. This calls for efficient interference mitigation mechanisms. In addition to advanced User Equipments (UEs) capable of interference cancellation, network-based strategies rely on coordination among network nodes. The two approaches should not be excluding, but complementary. For instance, advanced UEs can further benefit from the knowledge about interfering transmissions under possible coordination by the network.
LTE already included a bunch of network-based Inter-Cell Interference Coordination (ICIC) techniques [1]-[3], such as Rel-8 ICIC (RNTP, HHI), Rel-11 feICIC, and Rel-12 eCoMP; as well as MMSE-IRC and/or non-linear interference cancellation schemes aka NAICS/MUST type of solution. 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 such as URLLC and mMTC [4]. 
In this contribution we discuss downlink network-based ICIC for NR that can accommodate the new use cases (e.g., URLLC) without compromising the mobile broadband performance. We build on three well-known techniques, namely power boosting of selected PRBs, power reduction or muting of selected PRBs, and “macro-scopic” combining, the latter referring to simultaneous transmission of the same critical data from multiple transmission points (TRPs) to the UE. This contribution builds on [5], giving a more comprehensive description of a subset of the techniques presented in that introductory contribution. The paper is organized as follows. Section 2 discusses the main goals in the design of ICIC for supporting multiservice in the New Radio. Section 3 describes the basics of coordinated muting and power boosting, while section 4 motivates the introduction of a flexible macro-scopic combining for the NR. Section 6 concludes the contribution with a set of observations and proposals.
2
Interference coordination goals for the new radio 
We identify two main bottlenecks in LTE ICIC for the support of new use cases such as URLLC in a multiservice setup.
· Static vs. dynamic

One limitation of LTE ICIC solutions for the new radio is the lack of dynamicity of such schemes, which cannot rapidly adapt to time-varying conditions or be activated only for selected traffic. 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. Besides, more dynamic ICIC mechanisms that are activated on-demand (e.g., only for URLLC traffic) are essential for a better and more fair support of multiple services. The admissible adaptation rate is subject to backhaul latency constraints, and/or potential fronthaul latency constraints for centralized RAN implementations with RRHs. 

Observation 1: LTE ICIC solutions cannot rapidly adapt to time-varying conditions and multi-service traffic. 

Observation 2: The adaptation rate in an ICIC scheme depends on the backhaul latency constraints or, at best, on the fronthaul latency constraints.

· Data and control

Secondly, it is important to have the ICIC benefits made equally available for both control and data channel transmissions. Traditionally, the reliability of the radio access has been mainly limited by the data plane, since the control channels were robust enough for the requirements. With the arrival of use cases requiring very high reliability, the control information has to be carefully protected as well. In this regard, the suite of LTE ICIC solutions were mainly designed 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 radio that offers benefits for both control and data channel transmissions. 
Observation 3: LTE ICIC solutions were mainly designed 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), which becomes critical for high reliability transmissions. 

Given these observations, our first proposal therefore yields as follows:    

Proposal 1: Downlink dynamic network-based ICIC shall aim at being activated on-demand and at improving the performance of both control channel and data channel reception for both TDD and FDD.

3
Coordinated power-boosting and muting 
To increase the reliability of a victim UE
, there shall be support for dynamic (on-demand) 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, taking into account among others the trade-off between generated interference and the SINR benefit in the victim UE. 
At the same time, 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). Thus, all the interference from the aggressor (reference symbols, control and data channel) is supressed.

[image: image10.png]Protected PRBs of the cell
serving victim UE

Negotiation phase

Data transmission phase

é‘/\

Negotiation of the set of
PRBs to be protected when
URLLC data arrives

Cell serving
victim UE

A A

Aggressor
cell

Cell serving ofe
victim UE

(1) Muting request of the
previously agreed PRBs

(2) Data transmission of
protected data with boosted
power and reduced
interference





Figure 1: Simple illustration of aggressor joint power boost and cell muting to protect a victim user. 

Proposal 2: Investigate the 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 3: It should be possible for an aggressor cell to partially or 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.

The support of this coordinated power boosting and muting requires naturally inter-cell coordination that can be supported via exchange of inter-point coordination messages on backhaul links between BSs, as well as for centralized RAN implementations with fronthaul connections and RRHs. The previous considerations regarding the rate of coordination and the backhaul/fronthaul latencies in Observation 2 are applicable here. 
As per the UE, it is required to have comparable UE feedback measurements as what it is included in LTE, e.g. separated CSI report for muted time/frequency resources or multi-cell CSI/IMR as in CoMP. 

Figure 2 shows a sketch of the inter-cell coordination for the joint power boosting and muting. To avoid overlapping in the preferred protected resources in each BS, a negotiation phase takes place first such that the predefined protected PRBs for each pair aggressor-victim (in a distributed way) are defined. This way, when protected data arrives, it is only needed to activate the power boosting/muting in the corresponding PRBs. Such negotiation works in a slower basis as compared to the muting request during the data transmission, which might have very strict latency requirements. Nevertheless, the negotiation phase can be repeated when needed to adjust the resource allocation when e.g., traffic or interference conditions have changed. 

[image: image2]
Figure 2: Inter-cell coordination of power boost and muting. 

Proposal 4: The potentially protected PRBs can be negotiated by the pair aggressor-victim in a distributed way, and prior to the data transmission. 

4

Flexible macro-scopic combining
The basic principle of macroscopic diversity is to send the same data simultaneously from multiple transmission points (TRPs). Macroscopic diversity is well-known to provide robustness against both fast and slow fading, and higher redundancy, at the expense of increased resource consumption at multiple cells. Indeed, sending the same information from different macros has been used before (e.g., MBSFN, CoMP JT, and CDMA soft handover) and several works have identified it as an enabler for robustness and URLLC. E.g., [6][7] studied macroscopic diversity in conjunction with microscopic diversity, with mathematical expressions for the signal quality outage probability, although without accounting for the multi-user multi-cell interference which is typically a performance-degrading factor. In [8], the effects of a multi-cell environment were included, showing the need for a certain degree of macro-diversity to achieve stringent requirements. 

For accommodating multi-service traffic, the 5G New Radio calls for more dynamic and flexible macroscopic combining, such that non-coherent transmission of the same critical data from multiple transmission points (TRPs) to the UE is activated only when necessary, and minimizing the requirements to the UE. 
The set of TRPs serving a certain UE is typically referred to as the active set. A macroscopic diversity window is commonly applied for the active set selection procedure; i.e. for each UE, the set of serving TRPs is limited to those whose received power difference is within a certain window, as compared to the strongest TRP. Using an appropriate (finite) window size, much of the gain of macroscopic diversity can be obtained with a reduced resource consumption and less generated interference. 
In Figure 2, system-level simulation results of macro-scopic diversity are shown, where the received signal from each macroscopic branch is independently detected and combined at the UE (see [8] for all the simulation details). Thus, the SINR after the combining is equal to the sum of the individual SINRs of each branch. Particularly, we plot the CDF of the combined SINR for different levels of macro-scopic diversity. Also, two different MIMO configurations are shown, 2x2 and 4x4. It is observed that macroscopic diversity provides considerable gains in the SINR outage performance (see e.g. 10-5), which is essential to provide the URLLC service with the required reliability.  
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Figure 2. CDF of the SINR with macro-diversity. M denotes the number of combined branches
Observation 4: A certain degree of macro-scopic diversity can provide significant gains in the SINR outage to, among others, support URLLC use cases. 

The on-demand macroscopic combining shall be activated by the primary TRP (P-TRP) (the strongest in received power) and minimizing the requirements to the UE. The multi-point data duplication aims at increasing the reliability by non-coherent transmission of the same data from the involved TRPs, P-TRP and Secondary TRP (S-TRP). Similarly, control duplication of the scheduling grant shall also increase the reliability of the transmission. 
Observation 5: The reliability of URLLC can be increased with multi-point control and data duplication from the involved TRPs, P-TRP and S-TRP.

Four different implementation options are illustrated in Table 1, and attending to different design criteria:

· Resource allocation: primary and secondary TRPs can use the same or different PHY resources. Depending on the selected option, the requirements to the UE might differ. Thus, multi-cell CSI/IMR as standardized for CoMP shall be supported for the cases in which different PHY resources are used in P-TRP and S-TRP. 

· Scheduling grant (CCH): the UE scheduling grant can be sent uniquely in the P-TRP or both in P-TRP and in S-TRP. If it sent in both, it is because:

· CCH has the same information for P-TRP and S-TRP, but it is replicated to increase the reliability of the scheduling grant

· CCH has different information for P-TRP  and S-TRP 
	Option alternatives
	Signalling
	S-TRP  transmission constraints
	Scheduling grant
	Multi-TRP CSI

	Option #A
	Transmission of the same transport block from S-TRP  explicitly indicated from P-TRP CCH
	S-TRP shall transmit the same transport block on the same set of resources & same MCS as used by P-TRP 
	P-TRP 
	NO

	Option #B
	Transmission of the same transport block from S-TRP (s) explicitly indicated from P-TRP + S-TRP CCH
	S-TRP  shall transmit the same transport block on the same set of resources & same MCS as used by P-TRP 
	P-TRP  and S-TRP (s) (identical)
	NO

	Option #C
	Simultaneous scheduling on P-TRP and S-TRP (s) indicates that the same transport block is being transmitted to the UE. The transport block size and HARQ SAW channel information is only included in P-TRP  CCH
	S-TRP  have the freedom to transmit on other frequency domain resources than used in P-TRP (CCH on S-TRP (s) include info of the resource allocation and MCS used from this/these cells)
	P-TRP  and S-TRP (s) (different)
	YES


Table 1: Implementation options for the flexible macro-scopic combining

In Figure 3 we illustrate options A-C. As per the resource allocation, primary and secondary TRPl(s) can use the same (Figure 3 (a) and (b)) or different PHY resources (Figure 3 (c)). Depending on the selected option, channel conditions from only the P-TRP or from all the TRPs involved in the combination have to be reported from the UE side. When the same PHY resources are used, the scheduling grant can be replicated or not in the S-TRP(s) (Figures 3 (a) and (b)) to improve the reliability of the control plane. In any case, the CCH has the required information to activate the combination at the UE. 
Proposal 5: Flexible macro-scopic combining with different PHY resources in P-TRP and S-TRP shall be used to ensure high spectral efficiency while improving the reliability and the latency. However, in case of critical URLLC, P-TRP and S-TRP shall use exact duplication of the data and control information to maximize the chances of successful reception. 
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Figure 3: Two implementation options for the flexible macro-scopic combining (a) Using same PHY resources and CCH only in the PCell (b) Using same PHY resources and replication of the CCH in the P-TRP and S-TRP using the same PHY resources (c) Using different PHY resources and CCH in the P-TRP and S-TRP
5
Conclusion
The contribution is concluded by summarizing our observations and proposals for network-based ICIC. Those proposals are applicable for both FDD and TDD, as well as different frequency band operations: 

Observation 1: LTE ICIC solutions are not able to rapidly adapt to time-varying conditions and multi-service traffic. 

Observation 2: The adaptation rate in any ICIC scheme depends on the backhaul latency constraints or, at best, on the fronthaul latency constraints.

Observation 3: LTE ICIC solutions were mainly designed 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), which becomes critical for high reliability transmissions. 

Observation 4: A certain degree of macro-scopic diversity can provide significant gains in the SINR outage to, among others, support URLLC use cases. 

Observation 5: The reliability of URLLC can be increased with multi-cell control and data duplication from the involved cells in a multi-cell transmission, P-TRP and S-TRP (s).

Proposal 1: Downlink dynamic network-based ICIC shall aim at being activated on-demand and at improving the performance of both control channel and data channel reception for both TDD and FDD.

Proposal 2: 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 3: It should be possible for an aggressor cell to partially or 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 4: The potentially protected PRBs should be negotiated by the pair aggressor-victim in a distributed way, and prior to the data transmission. 

Proposal 5: Flexible macro-scopic combining with different PHY resources in P-TRP and S-TRP shall be used to ensure high spectral efficiency while improving the reliability and the latency. However, in case of critical URLLC, P-TRP and S-TRP shall use exact duplication of the data and control information to maximize the chances of successful reception. 
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� We adopt here the LTE notation of aggressor cell and victim UE. We also use the term “protected data” to refer to specific traffic e.g., URLLC that requires especial treatment in terms of interference management. 
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