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1. Introduction

In heterogeneous networks, dense deployment of small cell could provide significant capacity increases.  However, inter-cell interference (ICI) can be a major obstacle degrading the UL performance of heterogeneous networks in these scenarios.  Dynamic scheduling causes fluctuations in interference between cells, and some operations such as dynamic switching on/off of small cells and load shifting further lead to more complex and unpredictable ICI conditions.
Thus UL power control becomes one of the most critical mechanisms to allow the control of the interference caused by the UEs to neighbouring cells, while ensuring that the required SINR is reached at the serving cell.
In this contribution we discuss the issues of UL power control for small cells in the dense deployment scenarios and provide some design targets to be further studied.
2. UL Power Control in LTE
In LTE Rel.8~11, the closed-loop power control combined with fractional pathloss compensation (FPC) sets the transmit power of the UE based on the pathloss and SINR target of the UE.  Even though FPC enforces cell-edge UEs to transmit with a relatively lower power thus causing less interference to neighbouring cells, the current UL power may need to be revisited for dense deployments of small cells, due to the following issues:
2.1. Main issues

1) ICI fluctuation
The amount of ICI experienced in a cell fluctuates significantly across resource blocks in the frequency domain and across subframes in the time domain.  While Rel-8 includes tools to coordinate interference in the frequency domain, unpredictable fluctuations in the time domain are harder to manage. As a result, the SINR estimation is not always accurate so link adaptation has to be more conservative than would be the case if the interference was less variable.
2) Less correlation between serving cell pathloss and inter-cell interference 
The principle of uplink power control in LTE is to adjust the Tx power at the UE depending on the IoT level of the serving cell and the pathloss to the serving cell.  In a homogenous cellular network, there is typically a reasonably strong relationship between the pathloss to the serving cell and the interference caused to neighbour cells: the higher the pathloss, the higher the interference level typically is to neighbour cells. By contrast, in a dense deployment of small cells this relationship is less strong, and therefore the accuracy with which a serving cell can predict and control the level of interference being caused to neighbouring cells is reduced.
3) Pathloss imbalance
Because of the difference of transmit power between small cells and macro cells, small cells generally have a relatively smaller coverage area in comparison with macro cell. There is therefore a larger difference in pathloss between the serving cell and the strongest neighbouring cell for the cell-edge macro UEs than for the cell-edge UEs served by a small cell. Small cells in the coverage of macro cell may suffer strong interference from macro UEs.
4) Avalanche effect
In LTE, the UL closed-loop power control aims at maintaining the target SINR level of each UE as the pathloss and experienced IoT level vary. However, in dense small cell deployments, UEs which increase their transmit power to achieve their target SINR are more likely to cause the IoT level to increase in neighbouring cells. This in turn can lead to the UEs of the neighbouring cell to increase their transmit power, which in extreme cases can lead to avalanche effect with many UEs transmitting at maximum power. 

3. UL Power Control for Dense Small Cell Deployment
To address the above issues which may lead to performance degradation of small cells, especially in dense deployment scenarios, we discuss two categories of enhanced UL power control algorithms with different design targets.
2.1. Single UL reception point
Under the assumption of single-point uplink reception, power control strategies can be considered to control the ICI to neighbour cells better than the Rel-8 fractional pathloss compensation that is based only on the pathloss to the serving cell. Such methods would take into account also the pathloss to other cells. The feasibility of some aspects would need to be studied:

· the feasibility of identifying which neighbour cell(s) is/are suffering the most interference from a given UE;
· the feasibility for the UE to make pathloss estimates of multiple cells. 

2.2. UL power control for joint reception

If there are multiple UL reception points for a UE (i.e. UL CoMP), the signals from the UE at neighbouring cells are useful signal rather than interference.  Therefore power control algorithms which aim to limit ICI at the neighbouring cells do not necessarily result in the best overall system performance.
In such cases, it needs to be considered which pathloss(es) is/are appropriate to control the UL transmit power. This will depend on the kind of UL joint reception scheme being used. If signals received at all reception points can contribute to the decoding SINR, then the pathloss used could be smaller than the pathloss to any one individual reception point [1],[2]: 
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This would enable the UE’s transmit power to be reduced compared to the case of single point reception and thus to reduce ICI to the other cells outside the CoMP reception set. However, it would rely on ideal backhaul provision for the cooperative decoding. 
Alternatively, if it is desired that any one of the reception points individually can decode the UE’s UL transmissions independently of the other reception points, the pathloss would have to be the maximum value among the pathlosses of CoMP reception points:
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This corresponds to the pathloss from the desired UE to the farthest reception point in CoMP set, which increases the CoMP-UE’s transmit power.  Although it increases the ICI, it may boost the CoMP performance.
As with the ICI-controlling strategies for single-point reception, the main challenge for this type of joint reception based UL power control mechanism is the measurement of multiple pathlosses at the UE.
4. Conclusions

In this contribution, we have highlighted some of the UL power control issues that may need particular attention for dense deployments of small cells. Further study of these aspects is required. 
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