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1 Introduction

At the RAN1#73 meeting, the discussion on backhaul signaling to facilitate DL-UL interference mitigation and traffic adaptation in LTE-TDD systems with dynamic UL-DL reconfiguration has been started. In this contribution, we show the methods for distributed implementation of the cell clustering interference mitigation (CCIM) and traffic adaptation techniques in LTE-TDD systems with non-ideal backhaul. 
The benefits of CCIM based methods in LTE TDD systems with dynamic UL-DL reconfiguration and ideal backhaul have been shown in multiple contributions [2]-[3], [5]-[8]. The following advantages of CCIM based techniques were observed:

1) improved DL and UL packet throughput;

2) flexible traffic adaptation capabilities with balanced gains in DL and UL packet throughputs;

3) controllable DL-UL interference environment and full resolution of the DL-UL interference problem;

4) reduced UE power consumption comparing to the UL PC based techniques, that inject more interference and trade UE battery level on slight increase of the UL packet throughput;

5) avoidance of the aggressor-victim behavior and thus balanced DL and UL packet throughput performance.

These advantages motivated us to further study the performance and approaches for implementation of CCIM based methods in LTE-TDD systems with dynamic UL-DL reconfiguration using non-ideal backhaul and look into signaling enhancements in order to facilitate DL-UL interference management and traffic adaptation.
2 Backhaul Latency Characteristics

The idea of CCIM based methods is to combine the set of cells into logical cell cluster by analyzing the level of mutual coupling on eNodeB-eNodeB links. The level of mutual inter-eNodeB (cell) coupling reflects the potential impact of the DL-UL interference. In practice, different strategies can be applied to form cell clusters, based on the different levels of mutual coupling and pathgain thresholds. In addition, the dynamic or semi-static sub-clustering or de-clustering based techniques [3], [7]-[8] in combination with UL power control can be used to further improve traffic adaptation capabilities within the cell cluster. Cells within the cluster or sub-clusters of strongly coupled cells can take into account joint traffic demands in each of the transmission direction and use the common UL-DL configuration to completely avoid the negative impact of the DL-UL interference. This approach fits well into the LTE-TDD systems with ideal backhaul, since multiple cells are controlled by one centralized unit that has information about instantaneous traffic conditions in each cell. However due to the inter-cell coordination need, its performance in LTE-TDD systems with non-ideal backhaul may be affected by backhaul latency, since traffic adaptation decisions within cells may be slightly outdated. Besides that, in systems with non-ideal backhaul the distributed (de-centralized) operation should be supported to be consistent with the current LTE architecture, although the discussion on introduction of centralized node is already happening in different work and study items.

According to the operator inputs for 3GPP technical report on small cell enhancements [4], the non-ideal backhaul can be categorized by the latency and throughput as listed in Table 1. It can be seen, that one way latency does not exceed 40ms in majority of practical deployments. 

Table 1: Categorization of non-ideal backhaul.

	Backhaul Technology
	Latency (One way)
	Throughput
	Priority (1 is the highest)

	Fiber Access 1
	10-30ms
	10M-10Gbps
	1

	Fiber Access 2
	5-10ms
	100-1000Mbps
	2

	Fiber Access 3
	2-5ms
	50M-10Gbps
	1

	DSL Access
	15-60ms
	10-100 Mbps
	1

	Cable 
	25-35ms
	10-100 Mbps
	2

	Wireless Backhaul
	5-35ms 
	10Mbps – 100Mbps typical
	1


Recently, RAN1 WG agreed to use physical layer signaling for dynamic UL-DL re-configuration, which means that each cell can do traffic adaptation in the order of 10ms time scale (i.e. each frame). One of the main motivations to support fast adaptation timescale, is to maximize packet throughput performance of isolated Pico cells that do not cause/experience DL-UL interference. Oppositely, in case of coupled cells, the 10ms timescale may have negative impact on system performance, especially if cells independently adapt UL-DL configuration. For instance, the aggressor cell (transmitting in DL) may degrade performance of neighboring victim cell on UL flexible subframes. In this case, the inter-cell coordination is essential to avoid system degradation. For interference mitigation in coupled cells, connected by non-ideal backhaul, longer adaptation timescales may be used for UL-DL re-configuration. In particular, coupled cells may agree to periodically update the UL-DL configuration. For instance, timescales in order of 10ms, 40ms, 80ms, 160ms or even higher (multiple of 10ms) can be considered for coordinated UL-DL reconfiguration. The UL-DL reconfiguration timescale of the particular cluster may be adjusted to satisfy practical backhaul latency constraints.

Observation 1:

· Isolated cells achieve the best performance with 10ms adaptation timescale.
· Traffic adaptation timescales multiple of 10ms can be used for coordinated UL-DL reconfiguration in coupled cells, connected by non-ideal backhaul. The network may configure longer adaptation timescales for coupled cells e.g. (40ms, 80ms, 160ms or even higher).

3 Existing Interference Management Mechanisms in X2 Interface

3.1 Existing Inter-Cell Interference Coordination Mechanisms

In this section, we discuss the applicability of legacy X2 messages for the DL-UL interference mitigation:

· Relative Narrowband Transmit Power - RNTP: Relative narrowband transmit power indicator was introduced to support frequency domain ICIC schemes. This report can be enhanced by introducing subframe- or subframe type- specific fields to be able to report different RNTP masks for different subframes in a frame (e.g. regular and flexible).

· Overload Indicator - OI: Overload indicator was introduced to report strong interference caused by high power UL transmissions in neighbor cells. The similar indicator can be used for reporting eNodeB-eNodeB interference. This report can be enhanced by introducing frame/subframe indication where the overload is observed and additionally it can be accompanied by information from the cell that has created such interference.
· High Interference Indicator - HII: High Interference indicator was introduced to inform neighboring cell about scheduling cell-edge UEs, so that these cells can react appropriately. Similar mechanism can be used to inform neighboring coupled cells about using DL transmission in flexible subframes.
· Almost Blank Subframe Information (ABS): This information can be used if mechanism of almost blank subframes is applied for DL-UL interference mitigation (e.g. Macro cell can blank DL subframes to enable Pico cells use those for UL transmission).
Based on the above discussion we can conclude that X2 interface supports some mechanisms for inter-cell interference control, however those are mainly oriented for DL or UL inter-cell interference coordination and have nothing to do with UL and DL traffic asymmetry. The additional enhancements are needed for proper DL-UL interference mitigation and traffic adaptation.

3.2 Introduction of New Inter-Cell Interference Coordination Mechanisms

Besides the modification in X2 indicators proposed above, the new messages/information can be specified in X2 interface:

· Information about dynamic UL-DL configuration. The indication of UL-DL configuration in inter-eNodeB messages can be beneficial to support interference mitigation. For example, coupled cells can compare its UL-DL configurations with the reported ones by neighbors via X2 protocol and decide which strategy it can apply if it is likely to experience/cause strong interference. Moreover, the report about new configuration can be sent in advance for proactive interference mitigation. Alternatively, the subset of flexible subframes that can dynamically change transmission direction in each cell can be indicated for proper configuration of CSI measurements and reporting.

· Information about DL and UL resource demands. The information about buffer status, DL and UL spectral efficiency or the number of DL and UL subframes required for transmission in each cell can be exchanged. This information can be beneficial for cell clustering based interference mitigation schemes as well as for other techniques.

· Information about coupled cells. In order to manage DL-UL interference, each cell needs to identify the list of neighboring coupled cells. The coupling can be determined by utilizing the inter-eNodeB measurements. Assuming that each cell has identified the list of coupled cells and broadcasted it over X2 interface, each cell in the network can form and identify the cluster of coupled cells.

· RSRP (pathgain) or interference measurements exchange. Pathgain to coupled cells can be obtained by eNB-eNB measurements and applied for DL-UL interference management. This information can be used to form cell clusters, composed from coupled cells. Besides the applicability to cell clustering schemes, these measurements may be utilized to adjust the power control settings in each cell in order to handle DL-UL interference issues.
Proposal 1:

· Confirm the necessity of the new backhaul signaling for DL-UL interference management and traffic adaptation.

· Further discuss on the content of new backhaul signaling and inform RAN3 WG.

4 Distributed Solutions for DL-UL Interference Management and Traffic Adaptation
Cell-clustering interference mitigation methods require coordinated transmission direction to avoid DL-UL interference in coupled cells. In practical systems with non-ideal backhaul, cells within cluster can periodically advertise UL-DL configuration reflecting instantaneous cell-specific traffic conditions. Once this information is shared among cells within a cluster the common decision can be derived by all cells in a distributed manner. The simple way to derive a common decision is to average the amount of DL or UL subframes. The traffic demands in each of the transmission direction may be reported by each cell in the form of advertised dynamic UL-DL configuration. Following this approach, cells within the cluster may derive the compromised UL-DL configuration taking into account aggregated traffic demands of all cells within the cluster.

For example, if three cells that belong to the same cluster advertise UL-DL configurations: #0 (4DL:6UL), #1 (6DL:4UL) and #2 (8DL:2UL), then average number of DL and UL subframes is equal to 6 and 4 respectively. In this case, each cell can select the UL-DL configuration #1 which better fits aggregated traffic demands in a given time interval. If during the next period of time cell 1 has changed UL-DL configuration from #0 to #2, and remaining cells continue reporting UL-DL configurations #1 and #2 then configuration # 3 with 7 DL and 3 UL subframes will serve as a common cluster decision.


[image: image1.emf]Cell 2

Cell 1

Cell 3

Cell Cluster 

Cell 1: UL-DL # 0 (4 DL : 6 UL)

Cell 2: UL-DL # 1 (6 DL : 4 UL)

Cell 3: UL-DL # 2 (8 DL : 2 UL) 

DL:  (4+6+8)/3 = 6

UL:  (6+4+2)/3 = 4

Cluster decision 

UL-DL  # 1 (6DL : 4 UL)  

Cell 1: UL-DL # 2 (8 DL :  2 UL)

Cell 2: UL-DL # 1 (6 DL : 4 UL)

Cell 3: UL-DL # 2 (8 DL : 2 UL) 

DL:  (8+6+8)/3 = 7.3

UL:  (2+4+2)/3 = 2.6

Cluster decision 

UL-DL  # 3 (7 DL : 3 UL)  


Note that, in order to get more accurate estimate of the common UL-DL configuration, when a part of the cells does not have traffic in one or both transmission directions, the set of the advertised UL-DL configurations may be amended by combinations with 0 DL and 0 UL subframes or even full set of possible proportions in terms of DL and UL spectrum resource demands may be defined (see Table 2) in quantized form.

Table 2: Advertised set of UL-DL configurations (to estimate aggregated traffic transmission demand)
	UL-DL Traffic Demand Indicator
	Number of DL Subframes per frame
	Number of UL Subframes per frame
	Comments

	4’b0000
	4 DL
	6 UL
	Corresponds to UL-DL #0

	4’b0001
	6 DL
	4 UL
	Corresponds to UL-DL #1

	4’b0010
	8 DL
	2 UL
	Corresponds to UL-DL #2

	4’b0011
	7 DL
	3 UL
	Corresponds to UL-DL #3

	4’b0100
	8 DL
	2 UL
	Corresponds to UL-DL #4 
(may be excluded due to similarity UL-DL #2)

	4’b0101
	9 DL
	1 UL
	Corresponds to UL-DL #5

	4’b0110
	5 DL
	5 UL
	Corresponds to UL-DL #6

	4’b0111
	3 DL
	7 UL
	Ext. UL-DL set to report traffic demand over backhaul

	4’b1000
	2 DL
	8 UL
	Ext. UL-DL set to report traffic demand over backhaul

	4’b1001
	1 DL
	9 UL
	Ext. UL-DL set to report traffic demand over backhaul

	4’b1010
	0 DL
	10 UL
	UL traffic is dominant, no DL traffic (UL-DL #0)

	4’b1011
	10 DL
	0 UL
	DL traffic is dominant, no UL traffic (UL-DL #5)

	4’b1100
	0 DL
	0 UL
	No traffic in DL and UL (UL-DL#0)

	4’b1101
	Reserved
	Reserved
	Reserved

	4’b1110
	Reserved
	Reserved
	Reserved

	4’b1111
	Reserved
	Reserved
	Reserved


As an example the following simple equation can be used to derive the common UL-DL configuration within the cluster:
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K – the number of coupled of cells within cluster/sub-cluster;
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The equation above calculates the average number of the advertised DL subframes among cells within the cluster and constrains it by the default amount of DL regular subframes. Finally, the UL-DL configuration that better fits the aggregated traffic demands, can be selected as the actual UL-DL configuration within the cluster.
The backhaul latency and traffic adaptation timescale should be taken into account to derive the common UL-DL configuration among cells within cluster. In general case, the traffic adaptation timescale may be as small as in isolated cells i.e. 10ms, if each cell within the cluster frequently advertises UL-DL configuration with 10ms period. However if backhaul latency exceeds the traffic adaptation time scale, the cluster cells will use slightly outdated information about advertised UL-DL configurations, but still completely avoid DL-UL interference. Another approach is to increase the traffic adaptation timescale from 10ms up to the level of the backhaul latency or above. In this case cells within cluster should estimate and advertise the UL-DL configuration for the predefined time interval composed from several frames (e.g. 40ms, 80ms or higher). It has to be noted that typical transaction time for transmission of the 0.5MB and 2.0MB FTP file sizes in LTE system with 10MHz bandwidth requires about 150 and 600 subframes when transmitted at high CQI levels. As it can be seen the typical file transaction time substantially exceeds the typical backhaul latency and therefore good performance can be expected from the cell-clustering based methods in systems with non-ideal backhaul.
5 System Level Performance Analysis 
In this section, we provide packet throughput performance analysis for the described above distributed cell clustering method. For the analysis 0, 40 and 80ms backhaul latencies were chosen. In case of non-zero latency two scenarios are simulated: 1) Adaptation time scale is set to 10ms, 2) Adaptation time scale is set equal to backhaul latency. Note that isolated cells do not need coordination and so the fastest 10ms adaptation time-scale is used. Medium loading (λDL = 0.5, λUL = 0.25) and 2MB file sizes are evaluated. For the comparative analysis of CCIM with non-ideal backhaul, the dynamic ULPC and traffic adaptation-only schemes [10] are used. Packet throughput is shown in Figure 1 and additional power consumption statistics during UL packet transmission is plotted in Figure 2.
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	Figure 1. DL and UL packet throughput in Pico-Pico co-channel scenario
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	Figure 2. UE power consumption in Pico-Pico co-channel scenario


Observation 2:

· In terms of both DL and UL packet throughput, the negligible degradation is observed when cell clustering with non-ideal backhaul is applied, comparing to the ideal backhaul assumptions.
· The performance gains comparing to the reference as well as traffic adaptation only and ULPC-based scenarios are significant for any practical backhaul latency.
· In terms of power consumption the backhaul latency has negligible impact and CCIM schemes have the lowest power consumption.
6 Conclusions

In this contribution we have analyzed performance of the cell clustering interference mitigation schemes in LTE-TDD systems with non-ideal backhaul. It was shown that distributed implementation of the cell clustering methods is feasible and provides substantial performance gains in terms of packet throughput over LTE-TDD systems using fixed reference UL-DL configuration. Moreover the CCIM approach effectively mitigates the DL-UL interference problem and does not increase UE power consumption. Based on the conducted analysis we have the following proposals:
Proposal 1:

· Confirm the necessity of the new backhaul signaling for DL-UL interference management and traffic adaptation.

· Further discuss on the content of new backhaul signaling and inform RAN3 WG.

Proposal 2:
· Adopt the cell clustering based DL-UL interference management and traffic adaptation solutions proposed in this contribution.

· Continue the work on the X2 modification to facilitate DL-UL interference management and traffic adaptation.
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