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1 Introduction

In RAN1#72bis meeting, it was agreed that backhaul signaling capturing eNB-to-eNB interference can be beneficial for TDD eIMTA and that whether new backhaul signaling capturing eNB-to-eNB interference is to be introduced shall be confirmed if gains are shown by evaluations in following meetings [1].

In this contribution we discuss the potential gains of introducing potential new backhaul signaling, as well as some desirable features that make such signaling attractive for advanced SDIM and CCIM schemes.
2 Backhaul signalling of TDD-specific cross-link interference
In addition to classical uplink-to-uplink (UL-to-UL) and downlink-to-downlink (DL-to-DL) inter-cell interference, a TDD system with dynamic reconfiguration of TDD radio frames in adjacent cells may suffer TDD-specific cross-link interference in subframes where neighbouring cells have different transmission direction comprising: 
· Downlink-to-uplink (DL-to-UL, a.k.a. eNB-to-eNB) inter-cell interference, in which the uplink transmission in the serving cell is interfered by the downlink transmissions in neighbouring cells;

· Uplink-to-downlink (UL-to-DL) inter-cell interference at the receiver of a mobile station due to uplink transmissions ongoing in neighbouring cells.    

In this contribution we consider inter-cell interference in uplink subframes experienced at the eNB, i.e., UL-to-UL and DL-to-UL interference. 

Unlike the legacy TDD LTE, with dynamic reconfiguration of TDD radio frames in neighboring cells both the UL-to-UL and DL-to-UL interference vary on a subframe-basis [2]. Figure 1 shows an example where an eNB suffers TDD-specific cross-link interference due to three eNBs with different TDD configuration. 
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Figure 1: Example of different sub-frame dependent inter-cell interference.
More specifically, the DL-to-UL interference measured in subframes 3, 4, 7, 8 and 9 can vary on a per-subframe basis depending on the traffic load in neighboring cells. In subframe 3 the DL-to-UL interference is created by the sole eNB3; in subframe 4, 7, and 8, there are two eNBs producing DL-to-UL interference, but only subframe 7 and 8 are affected by the same DL-to-UL interference; finally, in subframe 9 all neighboring eNBs contribute to DL-to-UL interference. Similarly, the UL-to-UL interference will vary across subframes. Currently, these features cannot be properly captured by the legacy overloading indicator (OI) and the high interference indicator (HII), which report only UL-to-UL interference and apply to all uplink subframes in a radio frame and across multiple radio frames.
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Figure 2: Gain of cell edge UEs with mitigation of eNB-eNB interference (Thresholds for eNB-eNB interference mitigation:  -70, -75, -80 and -85dB).
To evaluate the benefits of introducing new backhaul signaling capturing DL-to-UL interference for TDD eIMTA, we have performed system level simulations of a simple scheme in which an eNB signals a wideband indicator of DL-to-UL interference for an uplink subframe if the average DL-to-UL interference measured in that subframe exceeds a certain threshold value. Upon receiving the indicator for a certain subframe, an eNB can decide whether to blank its DL transmission in the corresponding subframe.

The simulation results illustrated in Figure 2 for four different threshold values (namely -70, -75, -80 and -85dB) indicate that a significant uplink cell-edge throughput gain (up to 23%) can be achieved compared to the case in which there is no interference mitigation based on DL-to-UL interference indication. A more detailed description of the simulations and the underlying assumptions is deferred to the Appendix. Leveraging on these results we propose to:

Proposal 1: Confirm the working assumption of introducing new backhaul signaling capturing eNB-to-eNB interference. 
The simulation results further indicate that it is beneficial to introduce backhaul signaling capturing the subframe dependency of the reported eNB-to-eNB interference, i.e., the interference indicator should refer to a subframe number (or group of subframes) within a radio frame and, once received, be used for inter-cell interference coordination for said subframe across multiple radio frames. Furthermore, the current simulations consider only the case of a single wideband indicator of DL-to-UL interference. Better performance are therefore to be expected if a more refined DL-to-UL interference indication is used, for instance with a PRB-level indicator of the DL-to-UL interference. 
Proposal 2: The backhaul signaling of DL-to-UL (eNB-to-eNB) interference should preferably capture the interference on a PRB-basis and refer to a subframe or group of subframes. 
The intent of proposals 1 and 2 is not to mandate an eNB to transmit one or multiple interference indicators per subframe. An eNB could arbitrarily determine which interference indicator to transmit (if any) to address the interference in a subframe. With reference to the above example, Figure 3 shows three interference indicators transmitted over the backhaul: one for subframe 3; one addressing subframes 7 and 8; and one for subframe 9. A neighboring eNB receiving a subframe-specific interference indicator can use it for the corresponding subframe across multiple radio frames until an updated indicator is received. The example shows that the interference indicator for subframe 3 is updated after a number of subframes, whereas the interference indicators for subframes 7, 8 and 9 remain valid for a longer time. 
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Figure 3: Example of subframe-dependent interference indicator used by eNBs.
Since the downlink transmission power of an eNB is usually significantly higher than the UE’s transmission power, the DL-to-UL interference is typically more severe than UL-to-UL interference. Nonetheless, in some cases UL-to-UL interference may be stronger than DL-to-UL interference (for instance, in subframe 3 of the example in Figure 1). Therefore, one should not preclude the indication of UL-to-UL interference in flexible subframes. The possibility of exchanging an indicator of both or either of DL-to-UL and UL-to-UL interference in a selective way can enable the receiving eNB to choose the proper ICIC scheme. 

Proposal 3: New interference indicators should distinguish between to DL-to-UL (eNB-to-eNB) and UL-to-UL (UE-to-eNB) inter-cell interference.
To further improve the efficiency of the SDIM, it may be beneficial to transmit an indicator of eNB-to-eNB interference in a selective fashion to only the eNBs that produce strong interference. While the detailed method(s) for measuring the interference generated by individual eNBs is an implementation issue that does not to be specified, RAN1 should consider whether the signaled interference indicator should address individual eNBs producing strong interference. Similarly, if cell clustering is applied for interference mitigation in a dense small cell deployment, TDD-specific cross-link interference occurs in dense small cell deployments at the edge of clusters of cells using different TDD radio frame configurations. In this case, it may be beneficial to let the interference indicator address a cluster of cells.   
Proposal 4: Consider whether the new eNB-to-eNB interference indicators could address individual eNB or clusters of eNBs.    
3 Conclusions
In this contribution, we have discussed desirable properties of new eNB-to-eNB interference indicators for scheduling dependent interference mitigation (SDIM) and cell clustering interference mitigation (CCIM). We propose the followings:
Proposal 1: Confirm the working assumption of introducing new backhaul signaling capturing eNB-to-eNB interference.

Proposal 2: The backhaul signaling of DL-to-UL (eNB-to-eNB) interference should preferably capture the interference on a PRB-basis and refer to a subframe or group of subframes.
Proposal 3: The new interference indicators should distinguish between DL-to-UL (eNB-to-eNB) and UL-to-UL (UE-to-eNB) inter-cell interference.     
Proposal 4: Consider whether the new eNB-to-eNB interference indicators could address individual eNB or clusters of eNBs.     
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Appendix I: Evaluation of UL throughput in TDD eITMA 
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(a) Traffic parameters: λDL =1, λUL=0.5
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(b) Traffic parameters: λDL =2, λUL=1


Figure 4 An example of the SINR CDF for subframe 9 using different eNB-to-eNB threshold values (from -75dB to -85dB) for reporting eNB-to-eNB interference and trigger DL transmission blanking in the corresponding subframe at the interfering eNBs.  
In this section we evaluate the potential uplink throughput gain by introducing new backhaul signalling capturing eNB-to-eNB interference for TDD eIMTA. We consider the uplink of a system described in Table 1 and we compare the performance for the follwoing two cases:

1. Adaptive UL-DL configuration in pico cells without any interference mitigation scheme (baseline);
2. Adaptive UL-DL configuration in pico cells with interference mitigation schemes based on new backhaul signalling of eNB-to-eNB interference.
The interference mitigation scheme used in case 2 is simple: An eNB measures the average wide-band DL-to-UL interference for each uplink (flexible) subframe. An indication of eNB-to-eNB interference is signalled for a (flexible) subframe when the average DL-to-UL interference measured for that subframe across the whole system bandwidth exceeds a certain threshold value. The simulations consider four different threshold values, from -70dB to -85dB, and the information signalled to neighbouring eNBs is a single bit indicating whether the measured DL-to-UL interference exceeds the threshold value. An eNB that receives an indication of eNB-to-eNB interference for a certain subframe decide whether to blank its DL transmission in that subframe. The simulation assumption can be found in Table 1.
Figure 2 illustrates the 5%-tile uplink throughput gain for different settings of the traffic parameters, showing that the throughput gain for cell edge users can reaches over 20% compared to the case in which there is no interference mitigation based on eNB-to-eNB interference indication. Figure 4 illustrates the SINR CDF for different data arrival parameters in uplink and downlink for subframe 9 for the four different eNB-to-eNB interference threshold values (from -75dB to -85dB) used to report eNB-to-eNB interference. This example shows a significant SINR improvement or the 5%-tile SINR for different traffic parameters, whilst for λDL =2, λUL=1 there is a substantial gain also at higher SINR.
The observed gains refer to the case of ideal backhaul, and in this respect are an upper bound of what the particular scheme studied in this paper can achieve. On the other hand, the scheme considered in this paper is rather simplistic and coarse (1-bit indicating whether the wide-band eNB-to-eNB interference exceeds threshold value, combined with blanking of DL transmission at the potentially interfering eNBs), hence the observed gains are a lower bound of what one can expect by introducing more advanced features, such as:

· PRB-level reporting of eNB-to-eNB interference;

· eNB-specific signalling of eNB-to-eNB interference; 

· Downlink power control instead of DL transmission blanking at the interfering eNB;

· Subframe reconfiguration instead of DL transmission blanking at the interfering eNB.  

Therefore, although the gains observed with this simple scheme are already high, a significant margin for improvement is expected by introducing any or a combination of the above features. 

Table 1: Simulation assumptions.

	Parameter
	Assumption

	Evaluation scenario
	Scenario 3: Multiple outdoor pico cells deployed on the same carrier 

	Simulation case
	Case 1. Applying adaptive UL-DL configuration in pico cells without any interference mitigation schemes (baseline).
Case 2. Applying adaptive UL-DL configuration in pico cells with interference mitigation schemes. 

	PDCCH control region
	2 OFDM symbols

	Traffic model
	· FTP model 1, 0.5 MByte file size;
· Data arrival ratio of DL to UL is 2:1, λDL= {1, 2};
· All the Picos have the same arriving rate.

	Antenna configuration
	DL: 2x2 codebook-based SU-MIMO
UL: 1x2 SIMO

	Small scale fading Channel 
	TU for Pico-UE, UE-Pico and UE-UE.

	Penetration loss
	20dB for eNB-UE/UE-eNB/UE-UE

0dB for eNB-eNB

	DL CSI feedback type
	PUCCH mode 1-1, 10ms wideband CQI/PMI period, 40ms RI period

	UL Sounding
	Last UL symbol in subframe#1, 10ms period

	Channel estimation
	Ideal

	Scheduler
	Latency based PF scheduler 

	HARQ modeling
	· Asynchronous HARQ for UL and DL;
· Retransmission scheme: CC;
· Max retransmission times: 2;
· RLC ARQ is modelled.

	DL power control
	Not modelled

	UL power control
	open-loop: alpha = 0.9, Po=-82dbm

	DL_UL reconfiguration algorithm
	· Reconfiguration based on the UL and DL traffic load (History reference is considered);
· Seven TDD configurations defined in Rel-8 are used.

	Time scale for reconfiguration
	10ms













































































