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Introduction

A study item on heterogeneous network was initiated at the last RAN plenary [1]. Identification of uplink and downlink interference and imbalance issues and investigate potential solutions was indicated as being part of the study.

In this contribution, we focus our attention on the co-channel heterogeneous network deployment in which Low Power Nodes use the same carrier frequency as the Macro cell. Under co-channel deployment, introduction of the LPN to the Macro cell makes the system deployment more challenging. One important aspect to address is the uplink (UL) interference issues between LPN and Macro cells. 
We first illustrate the UL interference issues via system simulation results. Then we propose solutions for UL interference management with Co-channel LPN deployment. Lastly, we demonstrate the effectiveness of propose solution using system simulation results

2
Potential Problems in Heterogeneous Networks
The major problems in heterogeneous network comes from the transmit power difference between LPN and the high power Macro nodes. As the serving cell selection as well as the active set management are mainly based on the downlink (DL) received signal strength, transmit power of each cell largely determines the coverage area of the cell. Normally, a high transmit power nodes cover larger area than the low transmit power nodes. However, from the Uplink (UL) perspective, the strength of the signal being received at each node does not rely on the DL transmit power of each node. Consequently, introduction of the low power nodes could potential cause large DL-UL imbalance in the sense that, in UL, cells other than the serving cell could receive much stronger signal from the UE than the serving cell. 
We could mathematically view the DL-UL imbalance as, per unit of power the UE transmits, the received SINR difference between the target cell and the serving cell. Figure 1 illustrates the potential problem of DL-UL imbalance, i.e. large distance between the UL and DL boundary. The DL boundary is defined as the point beyond which UE will perform serving cell change. The UL boundary is defined as the point where UE causes same SINR at both cells. 
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Figure 1 Heterogeneous Network UL Imbalance Scenario
With DL-UL imbalance caused by the transmit power difference, LNP co-channel deployment could potentially cause two types of problems described below

1. UL interference from Macro cells to LPN
The excessive interference to the LPN is caused by the UEs being served by the Macro cell while do not have the victim LPN in the active set. In this case, due to the UL imbalance, the UE could still have a better UL to the LPN than to the serving Macro cell. Due to the lack of SHO, the LPN could not power control the UE or limits the UE grant by RGCH. Consequently, the LPN could be a victim of large un-controllable interference from neighbouring Macro UEs. As results, UEs served by the LPN suffer from bad UL throughput.

2. UL interference from low power nodes to Macro cells
This problem mainly arises from the uneven loading from the heterogeneous network. When the LPN serves only a small number of UEs as compared to the Macro cell, each UE served by the LPN receives very generous grants and hence transmit at higher power. They could cause large interference to the neighbouring Macro cell and degrade the UL throughput of the UEs served by the Macro cell.

In this contribution, system simulation results are used to demonstrate the problem. We also propose solutions for UL interference management and show the effectiveness of proposed solutions. 

System simulation assumptions are summarized in the Appendix A in [2]. We focus on the full buffer traffic model. It is important to note that the simulation assumes equal noise figure at both the Macro and LPN. However, the assumptions on noise figure are not the main source of UL interference issues. As we discussed above, the interference issue could happened in both directions, meaning, the Macro UE could cause excessive interference to the neighbouring LPN while the LPN UE could also cause excessive interference to the neighbouring Macro cell. The main source of UL interference issues comes from the heterogeneous nature of LPN deployment which results in both DL-UL imbalance and the loading imbalance.  
Proposal 1: The following issues are to be addressed as part of the Hetnet SI in RAN1:

· UL interference at Pico cells form UEs connected to the Macro cell

· UL interference at Macro cells from UEs connected to the Pico cell

2.1 UL Interference from Macro UEs to LPNs
To demonstrate the problem, we show system simulation results for the case where LPN has transmit power of 30dBm (1W), while Macro has transmit power of 43dBm (20W). 16 UEs are uniformly dropped per Macro geographic area.

Figure 2 shows the UE UL throughput CDF for both the baseline and the HetNet cases. The baseline case contains only the Macros, while the HetNet case has 4 LPNs’ uniformly dropped per Macro. In Figure 2, a very bad tail of the UL throughput can be seen for the HetNet case. Further insight on this tail comes from Figure 3 which separates UEs into two categories: UEs served by Macros and UEs served by LPNs. Figure 3 shows that some UEs served by LPN suffer from bad UL throughput. Figure 4 shows the average noise rise (RoT) of each cell from two different drops. Cells with index 1 to 57 are Macros while cells with index higher than 57 are LPNs. A proportional fair scheduler is used for the UL with a target RoT of 5.5dB. Since some Macro UEs cause large interference to neighboring LPNs, several LPNs have RoT higher than the 5.5dB target. In this case, UEs served by these LPNs will receive very small grants. 

It should also be emphasized that this simulation assumes that SHO between Macro cell and LPN is allowed. When SHO between Macro cell and LPN is not supported (for example, where the Macro and LPN are controlled by different RNCs or the LPN is not added to the active set due to conservative E1a reporting range settings), the interference problem could be worse. 

To control the excessive interference from Macro to LPN, one solution is to apply padding at the LPN. Padding attenuates the total UL received signal at the LPN; effectively increase the LPN noise figure. For example, if x dB padding is applied at the LPN, it effectively makes the total outer-cell interference received at the LPN x dB weaker compared to the LPN receiver noise. The use of padding helps to align LPN DL and UL coverage. 

Through simulations, we show the performance with 6dB padding at the LPN. As can be seen in Figure 4, 6dB padding limits the interference from Macro to LPN, thereby stabilizing the RoT at the LPN. Furthermore, Figure 2 and Figure 3 show that the bad UL throughput tail has been removed. Without padding, we show that there are around 2% of UEs who suffer from significant UL throughput loss under HetNets deployment compared with the Macro only scenario. With appropriate 6dB padding, statistically speaking, every UE in the system enjoys UL throughput improvement with HetNets deployment. 
Similar to the padding, an alternative solution to this problem could be to operate LPN at higher RoT. These two solutions are very similar in nature, in the sense that they both allow the UEs served by victim LPN to transmit at higher power in order to overcome the excess interference from the neighboring Macro UEs. Since LPN typically has small coverage areas, those two solutions are reasonable as link budget is not a concern for the small cell. However, over padding or running LPN at too high RoT could cause the interference problem in the other direction, meaning, LPN UEs could cause excessive interference to the neighboring Macro.
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Figure 2 CDF of UL Throughput for all UE categories, 1W LPN
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Figure 3 CDF of UL Throughput by UE categories, 1W LPN
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Figure 4 Average cell RoT, 1W LPN
4.2 UL Interference from LPN UEs to Macros

Even though a UE served by the LPN typically observes a weaker link to the neighboring Macro cells due to the fact that LPNs have smaller transmit power than the Macro cells, in simulations, we still observe some cases there LPNs UEs could cause excessive interference to the neighboring Macro cells. 
In this particular simulation, we assume that LPN transmit power is 37dBm (5W), while Macro transmit power is 43dBm (20W). SHO between Macros and LPNs is NOT supported. LPNs have 3dB worse UL noise figure compared to Macros, considering that LPN could be a lower cost solution compared to Macros. 16 UEs are uniformly dropped per Macro geographic area. 
With the above settings, the LNP has 6dB lower transmit power than the Macro. Considering the 3dB UL noise figure difference, in the worst case, a LPN UE could cause 3dB less RoT to the Macro than the RoT it causes to the serving LPN. Even though the Macro is weaker than the LPN by 3dB on UL, due to the loading difference, the whole RoT at the LPN may be shared among only a few UEs and these UEs may cause large interference to the Macro. Due to the lack of SHO, the Macro may not be able to power control nor rate control such UEs. It is possible for some Macros to become the victim of excessive UL interference from the neighboring LPNs.

Figure 5 shows the UL throughput CDF across all UEs. We observe a bad UL throughput tail for the HetNet case. Further insight can be derived from Figure 6, which separates UL throughputs of UEs served by Macros and LPNs. We observe a bad throughput tail for UEs being served by Macros, which suggests Macros may see high interference from UEs served by LPNs. Figure 7 shows the average RoT of each cell, which illustrates that some of the Macros have RoT much higher than the target of 5.5dB. 

In order to control interference from UEs served by LPNs to Macros, one solution is to limit the maximum transmit power of those UEs who are served by LPNs, but could cause a large interference to the Macros. The procedure works as follows:
· If the UE is served by a LPN, the UE measures and reports the following information to the RNC: the path loss to the strongest Macro cell 
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, the path loss to the serving LPN 
(one way for the UE to differentiate Macros from LPNs is through network configuration). The RNC also has the information of the thermal noise level at the Macro (
) and at the LPN (
). 
· The RNC triggers the limitation of the maximum transmit power for a particular UE if the following condition is met: 
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· For the UE whose maximum transmit power is limited by the RNC, the maximum power is set to 
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. The effectiveness of the solution is demonstrated in Figure 5, Figure 6 and Figure 7. Clearly, with the UE transmit power limit, the interference from LPN UEs to Macros is significantly reduced. The RoT of Macros can also be controlled close to the 5.5dB target. If we use 10% UE UL throughput as the performance metric, without power cap, we observe ~80% performance loss while with power cap, we observe ~30% performance gain with HetNet deployment. 
Limiting the UE transmit power follows the similar like just power control with SHO, the power down command from the non-serving link limits the UE transmit power when the non-serving link becomes much stronger than the serving cell. We could also adopt the similar like as RGCH to control the UE grand. A Common Grant Control Channel (common E-RGCH) could be introduced for that purpose. In this solution, RNC detects the UE that causes large interference to the Macro cell. Once detected, RNC configures those UEs to listen to the common E-RGCH from the victim Macro cell. Therefore, even though victim Macro cells are not in the active set of the UEs, they could still control the grant that the UEs use
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Figure 5 CDF of UL Throughput Assuming 5W LPN
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Figure 6 CDF of Throughput Assuming 5W LPN 
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Figure 7 CDF of RoT Assuming 5W LPN
3
Conclusions
In this contribution, we discussed UL interference issues that could arise from the co-channel HetNet deployment when LPNs are being placed in the high power Macro cell layout. Due to the heterogeneous nature of LPN deployment, UL interference issues could arise from either the transmit power difference between Macros and LPNs as well as the loading difference between them. UL interference management is considered to be crucial for the HetNet deployment to realize its potential system benefits.

Proposal 1: The following issues are to be addressed as part of the Hetnet SI in RAN1:

· UL interference at Pico cells form UEs connected to the Macro cell

· UL interference at Macro cells from UEs connected to the Pico cell

Proposal 2: For the case of UL interference at Pico cells form UEs connected to the Macro cell, the following solutions are considered:
· Application of padding at the LPNs. 
· Operation of the LPN at a higher RoT. 
· Enhanced UL Inter-Cell Interference-Cancellation. 
Proposal 3: For the case of UL interference at Macro cells from UEs connected to the Pico cell, the following solutions are considered:

· UE maximum transmit power limitation

· Common Grant Control Channel (common E-RGCH). 

· Enhanced UL Inter-Cell Interference-Cancellation.
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