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1
Introduction
LTE Rel8 provides for interference control on the UL using the Overload Indicator (OI) and the High Interference Indicator (HII) sent over the backhaul X2 interface. However, the X2 interface may not be implemented in all deployments. In particular, we know that Rel8 Home eNBs (HeNB) do not support the X2 interface [1]. 

This contribution explores techniques for UL interference control in the absence of an X2 interface. 
2
UL Interference Control in Rel 8
As mentioned above, UL interference control in LTE Rel 8 relies on an Overload Indication (OI) or a High Interference Indication (HII) sent over the backhaul X2 interface. The backhaul OI/HII consists of one value per resource block (RB), with the OI being quantized to three levels and the HII quantized to two levels. The OI  indicates the level of interference seen on a given RB, while the HII indicates that the eNB is planning to schedule a UE that is likely to cause high interference on a given RB.. In Rel 8, the OI/HII are constrained to being sent at most once every 20ms [2]. 

The response to the OI/HII is not specified in LTE Rel 8 and is up to eNB implementation. A typical implementation, however, would involve reducing the transmit power of UEs being served by the eNB receiving the OI. The amount of power reduction could be based, for example, on the degree of interference being caused by the UE being scheduled. The amount of interference being caused by the UE could be determined based on the relative proximity of the UE (in terms of path loss, for eample) to the serving and interfered eNBs, which can be computed based on measurement reports sent by the UE. Similarly, a typical response to an HII indication would involve not scheduling UEs that are susceptible to high interference levels, for example edge UEs.
The OI/HII enable the network to control the interference seen at each eNB to be close to some desired value. The interference level is often measured relative to the thermal level at the eNB and is referred to as IoT (Interference over Thermal). Tight control of the IoT level provides the following benefits:

· A predictable IoT level enables the network to do accurate rate prediction. This is particularly important for control channels like PUCCH which can not rely on HARQ retransmissions, as well as for delay-sensitive data traffic. In the absence of tight IoT control, these channels would have to be sent at very conservative power levels, in turn causing excessive interference to other eNBs. Note that while the PUCCH mostly sees control-on-control interference in Rel 8, control can often see interference from data channels as well due to transmission on PUSCH as well as due to different PUCCH region sizes in neighboring eNBs.
· If the interference level seen at an eNB rises too high, it can impact the link budget of UEs served by the eNB. The link budget impact can cause data outage (e.g., due to loss of VoIP packets) as well as control outage (loss of CQI and ACK/NACK information). 
· A power control algorithm that utilizes differential path loss information of a UE can help the network realize power-shaping gains. In particular, in such a scheme UEs close to the cell edge can transmit at relatively low power spectral densities (since they are the dominant interferers) while UEs away from the cell edge can transmit at higher power spectral densities (since they cause relatively lower interference). This kind of power shaping can help increase network capacity.
3
OTA Overload Indicator
In the previous section, we provided a description of the existing X2-based OI/HII functionality along with its benefits. An X2 interface, however, may not be available in all cases. This may be particularly applicable to initial LTE deployments. Alternatively, the X2 interface may have high latency in some cases which may lead to delays in the feedback loop and oscillations in the IoT level. Moreover, Rel 8 Home eNBs (or HeNBs) do not have X2 connections with their neighbor cells [1]. Indeed, in a dense HeNB deployment it may be quite challenging to support X2 connections between a macro eNB and all the HeNBs in its coverage. We know that HeNB deployments can give rise to particularly severe interference conditions, since a UE cannot always connect to its optimal serving cell. 

The existing OI/HII mechanism also have some other drawbacks, namely: 

· The response to the OI/HII indication is not specified. This means that there will be likely be no interference control in the case of neighbor eNBs from different vendors. Such a situation (namely neighboring eNBs from different vendors) is quite likely to happen in the case of HeNBs. 
· The backhaul-based interference control mechanisms require the eNB to be aware of its interference environment in order to implement an appropriate response to received OI/HII. In particular, the eNB receiving/sending the OI/HII has to be aware which of its UEs (if any) is contributing to the excessive interference seen at the neighbor eNB. This may be an issue in cases where the channel environment changes substantially between subsequent measurement reports.

In order to address the above shortcomings, it would be desirable to introduce an Over-the-Air Overload Indicator (OTA OI) in LTE Rel 9. The OTA OI would be transmitted by the eNB and would be received by UEs which interfere with the eNB. We can broadly consider three options for the OTA OI operation: 

1. The UE directly uses the received OI (in addition to power control commands received from its serving eNB) to determine its transmit power. The transmit power computation also takes into account the relative channel strength of the UE to multiple cells in its neighborhood, and follows a well-specified algorithm whose parameters are configurable by the network. Additionally, the UE may also report the OI commands back to the serving eNB so that the eNB is aware of the interference being caused to the neighbor eNB.  This option addresses all the shortcomings of the Rel 8 OI mechanism mentioned above. In particular, interference control can now be applied between eNBs without an X2 connection as well as between eNBs from different vendors (since the UE response to the OTA OI would be fully specified). Moreover, the UE can directly utilize the most up-to-date measurements of its RF environment while responding to the OTA OI. 
2. The UE computes the power spectral density at which it should transmit based on the received OI and reports this value back to the eNB. The transmit power determination is performed as in the previous option. This option preserves most of the benefits of the option 1, and also allows some freedom to the eNB to modify the transmit power thus computed. The eNB may want to do this, for example, in order to ensure that certain high-priority traffic gets through within a desired delay budget. This option however does have the disadvantage of some added latency in the OI operation as well as additional UL overhead resulting from the need to report the proposed psd value to the eNB.
3. The UE reports the received OI back to its serving eNB. The eNB can then determine the power control command to be sent back to the UE based on the OI as well the measurement reports sent by the UE. Compared to option 2, this has the further disadvantage that it is susceptible to outdated knowledge of its RF environment at the eNB. Additionally, if the eNB response to the reported OI is not specified (as is true in the case of the backhaul-based OI for Rel 8), we lose the ability to control interference in a multi-vendor deployment.

4
Performance of OTA OI
In this section, we show some results which illustrate the benefits of the OTA OI. These results assume that no X2 interface  is available. We show results for two different interference control algorithms, one which does not take advantage of power shaping gains and one which does take advantage of these gains. Simulations were carried out for the standard D1 and D3 scenarios used in LTE simulations. The simulation assumptions are described in Table 1. Figure 1 and Figure 2 show the UE throughput and IoT cdf respectively for the D1 scenario, while Figure 3 and Figure 4 show the same for the D3 scenario. A target IoT of 7dB was used in these simulations.

Table 1 Simulation Setup

	Parameter
	Configuration

	Simulation Scenario
	D1 (500m ISD), D3(1732m ISD) 

19 Cell-Sites wrap-around layout

	Traffic model
	Full buffer

	#UE per cell
	10

	Max UE Tx Power
	24 dBm

	Overhead (PUCCH, SRS, DM-RS) 
	21%

	SRS Period
	Once every 2ms

	Inter-cell power control
	Once every 10ms, Up/Down step size 0.5dB

	Scheduling algorithm
	Proportional fair with sub-band scheduling

	Channel Estimation
	Realistic

	IoT Threshold (broadband)
	7.0dB

	IoT Filtering Constant
	0.02 (50 slots)
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Figure 1 UE Throughput CDF in D1 Scenario
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Figure 2 IoT CDF in D1 Scenario
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Figure 3 UE Throughput CDF in D3 Scenario

[image: image4.png]CCDF

D3, 10UE/Cel

10
10"
No ICPC
—— ICPC without Power Shaping
—— ICPC with Power Shaping
10°

o 1 2 3 4 5 6 1 8 9
Uplink IoT (dB)




Figure 4 IoT CDF in D3 Scenario
The above figures show that the IoT can reach very high values (> 25dB) without the use of inter-cell interference control in the case of small cells (D1 scenario) which can result in significant outage levels for edge UEs. Use of the OI results in a very tight IoT cdf and significantly improves the performance of the edge UEs. If no power shaping is used, the improvement in fairness from using the OI comes at the expense of a loss in total cell throughput. Use of power shaping significantly improves the total cell throughput (bringing it almost on par with the case of no OI) while maintaining the improvement in edge user performance.

In the case of large cells (D3 scenario) we see that that median IoT is less than 7dB even without any inter-cell interference control due to transmit power constraints. In this case, use of the OI does not change the throughput cdf; however it does result in a reduction in the tail IoT, thus providing more robust control channel and edge-user performance.

5
Conclusion
The need for effective interference control mechanisms has been well-accepted in RAN1 and brings several benefits including:

· Accurate rate prediction for data and control channels. In particular, this reduces the backoff level (in terms of transmit power) needed on UL control channels in order to achieve a desired error rate.
· Enables the network to maintain control and data link budget of edge UEs.

· Allows the network to take advantage of power shaping gains to increase data throughput.

The interference control mechanisms in LTE Rel 8 (OI and HII) rely on the availability of a backhaul X2 interface. However, an X2 interface may not be available in all deployments. In particular, Rel 8 Home eNBs do not have X2 interfaces. In order to provide for accurate interference control in the absence of an X2 interface, we propose that an OTA Overload Indicator (OTA OI) be supported in Rel 9. Performance results shown in Section 4 show that the use of an OTA OI results can provide for tight control of IoT and can result in substantial improvement in edge UE performance.

Use of an OTA OI can also provide the following additional benefits: 

· Specifying UE behaviour in response to the received OI results in the ability to have interference control in multi-vendor deployments. Such deployments may be common in the case of Home eNBs.

· OTA based interference control does not rely on accurate knowledge of the UE’s RF environment at the eNB, which may be outdated due to infrequent measurement reports.
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