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1 Introduction

Network densification by deploying more low power nodes is a straightforward solution to the wireless spectrum shortage issue. Since Rel-10, substantial standardization efforts have been spent on the interference managements in heterogeneous networks and dense small cell networks. Several features, such as enhanced inter cell interference cancellation (eICIC), coordinated multiple point operation (CoMP), small cell ON/OFF, network assistance interference cancellation and suppression (NAICS), had been studied and standardized to address the challenges from increased interference level in the networks.
So far most of the efforts were focused on downlink. However, uplink traffic keeps growing along with new technologies and emerging applications such as high resolution smartphone cameras and social media. During occasions such as concerts and sporting events, the uplink traffic even exceeds downlink and user experience is mainly determined by uploading speed.

In this paper, we investigate the uplink interference characteristics of heterogeneous and small cell networks and methods to improve the estimation accuracy of uplink interference, so that the uplink spectrum efficiency can be improved further.
2 Discussion
2.1 Uplink interference fluctuation and the impacts on link adaptation
Uplink interference experienced by an eNB can be caused by any UE scheduled in neighbouring cells. Different scheduled UEs may cause vastly different interference, causing high interference fluctuation over time and frequency. This is especially evident for heterogeneous networks.

One example is shown in Figure 1(a). Here UE2 is located at the cell border of its serving macro eNB and it needs to transmit with high power to compensate for the large pathloss. Hence a neighbour victim pico eNB will be seriously interfered if UE2 is scheduled. On the other hand, the UE1 located in vicinity of its serving macro eNB can transmit with much lower power and the interference toward the victim pico eNB would be significantly lower if UE1 is scheduled. Therefore, the interference toward the victim pico eNB can fluctuate seriously when different UEs were scheduled in different TTI as illustrated in Figure 1(b).
The high fluctuation of uplink interference has a negative impact on the accuracy of link adaptation. By current uplink procedure, an eNB selects one MCS level for each scheduled PUSCH based on SINR estimation of the link. Then the chosen MCS is sent to the UE in UL grant and PUSCH is transmitted from the scheduled UE 4 TTIs later. Due to the high interference fluctuation, it is difficult for the chosen MCS to match the real SINR status when PUSCH is transmitted 4 TTIs later and thus, seriously impact the uplink spectrum efficiency.
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Figure 1: Uplink interference toward victim eNB in a heterogeneous network
The simulation result of SINR estimation error is shown in Figure 2 for macro cells and pico cells respectively and the simulation assumption (assumption 1)  is shown in Table 1 of Appendix A. Here, SINR estimation error is defined as mean(|SINRscheduling - SINRtransmission|), where SINRscheduling is the SINR estimated for MCS selection and SINRtransmission is the actual SINR during PUSCH transmission. It can be seen that the average SINR estimation error is about 3.5dB for macro cells, while it’s much higher, i.e. about 5.2dB for pico cells.
Similar issue exists in dense small cell deployments. To simplify the discussion, it is not further analyzed in this contribution. 
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Figure 2: Averaged SINR estimation error for the evaluated heterogeneous network

Observation: in HetNet and dense small cells scenarios, there could be significant mismatch between selected MCS and the channel quality during data transmission. 
2.2 Potential solutions
Obviously, methods of improving the link adaptation accuracy to further improve the system efficiency   are desirable. There may be different solutions for different deployment scenarios. We investigate scenarios with ideal backhaul and non-ideal backhaul respectively as following. 

2.2.1 Deployment scenario with ideal backhaul

If ideal backhaul exist between neighbour cells, tight cooperation among them can be achieved. In this case, UL/DL decoupling (UDD) can be used, i.e. one eNB provides DL service while the other one receives UL transmissions from the UE. UDD therefore allows optimal cell selection in both UL and DL, i.e. downlink cell association is based on RSRP while uplink cell association is based on pathloss. As shown in Figure 3(a), UE2 may transmit uplink signal toward the nearby pico eNB. Since the pathloss is lower, high transmission power is not required. Therefore the interference level within the system can be reduced and the interference fluctuation is alleviated which is beneficial for the accuracy of link adaptation.
Another option, as shown by Figure 3(b), is for neighbour cells to perform cooperative link adaptation. Here the victim pico eNB may keep performing interference estimation for each of the interfering UEs located in neighbour cells individually. As macro and pico eNBs can exchange the scheduling information (for TTI n+4) via backhaul (at TTI n), then pico eNB knows which interfering UE will be scheduled in TTI n+4 by macro. Based on previous individual interference measurements, the eNB can predict the interference level in TTI n+4 and choose MCS level accordingly. 
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Figure 3 Possible enhancements for uplink link adaptation for deployment with ideal backhaul. (a) decouple uplink and downlink (b) cooperative link adaptation
Initial evaluation results are shown in Figure 4 and the simulation assumption can be found in Table 1 (assumption 2) of Appendix A. Here the baseline assumes that cell association is based on downlink RSRP and no cooperation among neighbour cells. It can be seen that if UDD is used, the spectral efficiency can be greatly improved due to the reduced interference level and more accurate link adaptation as discussed above. 
Performance gain achieved by cooperative link adaptation is even more remarkable. Gain of 39% is observed once scheduling information can be shared by all cells in the network compare to the baseline. The gain obtained from joint usage of UDD and cooperative link adaptation  is even larger than that can be obtained from UDD only. This suggests that UDD alone cannot solve the link adaptation issue completely.
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Figure 4 Initial evaluations for deployments with ideal backhaul
Although cooperative link adaptation can improve the link adaption accuracy, it is questionable whether the current mechanism can ensure efficient inter-cell interference measurements. Theoretically, an eNB can perform interference estimation based on any uplink transmissions from interfering UEs in neighbour cell. Nevertheless the accuracy of the measurements can be seriously affected by the uplink transmissions from its serving UEs. Although it is possible to enhance the quality of measurements by adopting more advanced receivers, the complexity can be rather high due to large number of potential interfering UEs, especially for pico eNBs. Similar mechanism as downlink interference measurement resource (IMR) can be considered to simplify the uplink interference measurement as well as improve the accuracy.

2.2.2 Deployment scenario with non-ideal backhaul

With non-ideal backhaul, it is difficult for neighbour eNBs to exchange the scheduling information via backhaul in advance. In this case, cell range expansion (CRE) can be considered as an option to reduce the interference fluctuation. For the example shown in Figure 5(a), UE2 is served by macro eNB if CRE is not applied and generate high interference toward pico eNB. However, if CRE is used, UE2 is offloaded to pico and does not need to transmit in high power and the interference fluctuation in the network can be reduced. 
Another possibility, as shown in Figure 5(b), is for macro eNB to trigger an aperiodic SRS transmission before the UL grant of PUSCH. For instance, if the macro eNB decide to schedule UE1 for uplink transmission, it may trigger UE1 to transmit aSRS over the same bandwidth in advance. If the delay between the aSRS and the PUSCH is fixed and known by the victim pico eNB, the pico eNB can predict the interference level in a future TTI by measuring the aSRS transmissions from the potential interfering UE. Note that the macro may only apply such operation to UEs with high transmission power.
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Figure 5 Possible enhancements for uplink link adaptation for deployment with non-ideal backhaul. (a) cell range expansion (b) using aperiodic SRS for interference measurements
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Figure 6 Initial evaluations for deployments with non-ideal backhaul
Initial evaluations for the discussed methods are shown in Figure 6. It can be seen that, the second method shows significant gain compared to CRE only. This suggests that the performance of link adaptation is still poor even if a 6 dB CRE bias is used and can be further improved. 

However, to enable such method, it is questionable whether the current aSRS is flexible enough.
2.3 Objectives
As described above, it’s observed that the uplink interference fluctuation is much larger in heterogeneous and dense small cell networks compared to homogeneous networks. The high fluctuation has a negative impact on the accuracy of link adaptation. Therefore, it is desirable to study and specify mechanisms for further improvements.

· To study and evaluate the possible solutions for the
· uplink interference measurement and tracking methods for the high interference fluctuation
· Study the effects of interference fluctuation on link adaptation in uplink for heterogeneous and small cell networks.

· Study possible solutions to enhance the performance.

· Investigate both deployment scenarios with ideal backhaul and non-ideal backhaul.
· To identify the related standard effects on: 

· Physical layer signal and channel design
· Physical layer procedures
· Physical layer signalling
· Related work on RAN2, RAN3 and RAN4
3 Conclusion
In this paper, we investigated the interference situation and impacts related to uplink operations in heterogeneous and small cell networks. The following observations are made.
Observation: in HetNet and dense small cells scenarios, there could be significant mismatch between selected MCS and the channel quality during data transmission. 
It is therefore proposed that,
Proposal: 3GPP RAN should consider a study item within the timeframe of Rel-13 to investigate the new challenges caused by higher uplink interference fluctuation in heterogeneous and small cell networks and study methods to improve the accuracy of MCS for uplink data transmission and improve uplink spectrum efficiency. 
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Appendix A: simulation assumptions

Table 1: Simulation assumptions for HetNet and dense small cell deployment
	Parameter
	Assumption1 
	Assumption2

	Cellular layout
	19 sites with 3 sector per site
	19 sites with 3 sector per site

	Placing of pico eNB
	4 pico eNBs per sector
	4 pico eNBs per sector

	Cell expansion bias
	6dB
	0dB

	Placing of UE
	Configuration 4b
	Configuration 4b

	Inter site distance
	500 m
	500 m

	Carrier frequency
	2GHz
	2GHz

	Traffic model
	Full buffer
	Full buffer

	UE velocity
	3 kmph
	3 kmph

	eNB transmit power
	Macro, 46 dBm; Pico, 30 dBm
	Macro, 46 dBm; Pico, 30 dBm

	Maximal UE transmission power
	23 dBm
	23 dBm

	Antenna height
	Macro eNB, 32 m; Pico eNB, 10 m; UE, 1.5 m
	Macro eNB, 32 m; Pico eNB, 10 m; UE, 1.5 m

	Transmit antenna number
	1
	1

	Receiver antenna number
	Macro eNB, 2; Pico eNB, 2
	Macro eNB, 2; Pico eNB, 2

	eNB receiver type
	MMSE
	MMSE

	Interference estimation
	Ideal
	Ideal

	Power control
	Macro: PO = -70; α=0.8；

Pico: PO = -82; α=0.8
	Macro: PO = -57; α=0.6；

Pico: PO = -83; α=0.9
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