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1. Introduction

The study of HetNets started in RAN1#70bis. In co-channel scenarios, uplink interference and UL/DL imbalance issues could limit the performance of HetNet deployments [1]

 REF _Ref336430015 \r \h 
[2]. In this paper we give an analysis on the uplink interference level using the path loss model. System simulations results are provided to evaluate the uplink interference.
2. Uplink interference issues

2.1 Macro UE uplink interference to small cell
2.1.1 Analysis

Since the Tx power of Node Bs are different, the DL boundary is not aligned with the UL boundary. At the DL boundary, both macro and small cell reach the UE with the same power, while at the UL boundary, the path loss to the macro and the small cell is the same. There exists then a so-called UL/DL imbalance region, which is illustrated in Figure 1 (red region). If a UE is served by the macro cell and is located within this imbalanced region, the power of the received signal at the small cell is larger than that at the macro cell. As a result, this signal can easily be a strong interference to the small cell UE uplink signals, causing the consumption of the uplink budget of the small cell.
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Figure 1 Uplink interference scenario from macro UE to small cell
An estimation of the uplink interference could be done using the path loss model. The following notations are used:
PLS , PLM: Path loss of the small cell and the macro cell.
NFS, NFM: Noise figure (NF) of the small cell and the macro cell. NF is considered as a variable of the base station. This is because in desensitizing technique, NF is generally set to a higher value so that the uplink interference observed at the base station is reduced.
TS, TM, TUE: Transmit power of the small cell, macro cell and UE.
The uplink RoT difference observed at the macro cell and the small cell is:

UL = RM – RS = (TUE – PLM – NFM) – (TUE – PLS – NFS),
where RM and RS are the uplink RoT observed at the macro cell and the small cell, respectively. The relationship of RS and RM is:
RS = (TUE – PLM – NFM) –UL = RM – UL
At the UL boundary, we assume PLS = PLM = PL, and UL = NFS – NFM
At the DL boundary, we assume TM – PLM = TS – PLS, and UL is:

UL = (PLS – PLM) + (NFS – NFM) = (TS – TM) + (NFS – NFM)
It can be seen that macro UE uplink interference RS can be estimated by RM, the UE signal received at the macro cell, and UL. Different transmit power and noise figure of base stations would result in a different interference level. We give some examples of the RS at the UL boundary and the DL boundary with different set of parameters.
Table 1 Macro UE uplink RoT observed at the small cell
	
	Option 1
	Option 2
	Option 3
	Option 4

	
	TM = 43 dBm, 
TS = 30 dBm,
NFS – NFM = 6 dB
	TM = 43 dBm, 
TS = 30 dBm,
NFS – NFM = 0 dB
	TM = 43 dBm, 
TS = 37 dBm,
NFS – NFM = 6 dB
	TM = 43 dBm, 
TS = 37 dBm,
NFS – NFM = 0 dB

	RS at UL boundary
	RM – 6 dB
	RM dB
	RM – 6 dB
	RM dB

	RS at DL boundary
	RM + 7 dB
	RM + 13 dB
	RM dB
	RM + 6 dB


From the table above, it can be seen that when a macro UE is near the UL boundary, its interference to the small cell is rather small. However, as the macro UE moves towards the DL boundary and the serving cell is not changed to the small cell, the interference is getting larger. Consider the worst case that a UE is near the DL boundary and it is still served by the macro cell. For Option 2, the UE RoT at the small cell can be 13 dB higher than that at the macro cell, which could easily be a large interference to the small cell. For Option 1, this interference could be reduced by 6 dB, due to the larger NF difference. In Options 3 and 4 the interference is generally less than in Options 1 and 2, due to their smaller transmit power difference. For Option 3, due to 6 dB NF difference, macro UE’s RoT at the small cell is the same as that at the macro cell. For Option 4 when there is no NF difference, macro UE’s RoT is 6 dB higher than that at the macro cell. 
From this analysis, macro cell uplink interference to the small cell can be expected. Also, with a smaller difference in transmit power and larger difference in NF, there is less macro UE uplink interference. 

2.1.2 System simulations

We have performed system simulation to show the impact of the macro UE uplink interference to small cell. The system simulation assumptions are given in Table 3 and Table 4 in Appendix A for macro and small cell, respectively. The transmit power of macro cell and small cell are 43dBm and 37dBm, respectively; the number of UEs per macro cell area is 4; and the small cell is deployed randomly and uniformly in the macro cell area. The number of small cell per macro area is 4. The target RoT is 6db for both macro cell and small cell. 
Simulation results of UL throughput and RoT for small cell are given in Figure 2 and Figure 3. Figure 4 shows the CDF of the small cell RoT generated by non-serving UE.
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Figure 2 Small cell UL throughput
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Figure 3 Small cell UL RoT
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Figure 4 Small cell RoT generated by non-serving UE
From Figure 2, it can be seen that when NFS is larger than NFM, the small cell throughput is higher. With a larger NFS, some interference from the macro UE will be below the thermal noise level, and the macro UE RoT at the small cell is reduced. It can be seen from Figure 3 that the UL RoT of small cell is lower when the NFs is larger. From Figure 4 we can see that 90% of the small cell RoT from non-serving UEs are below 1 dB when there is 6 dB difference in NF. When there is 0 dB difference in NF, this quantity is 2 dB. With the larger NFS, the RoT at the small cell generated by non-serving UE is small. 
Observation 1: There is macro UE uplink interference to small cell. A smaller transmit power difference at the base station and a larger difference in NF result in less macro UE uplink interference to the small cell.
2.2 Small Cell UE uplink interference to macro cell
2.2.1 Analysis
Similar to the analysis in Section 2.1, the small cell UE’s uplink interference at the macro cell RM is:

(TUE – PLS – NFS) + UL = RS + UL

The following table gives some examples of the RM when the UE is at the DL boundary with different parameters:

Table 2 small cell UE uplink RoT observed at the macro cell
	
	Option 1
	Option 2
	Option 3
	Option 4

	
	TM = 43 dBm, 
TS = 30 dBm,
NFS – NFM = 6 dB
	TM = 43 dBm, 
TS = 30 dBm,
NFS – NFM = 0 dB
	TM = 43 dBm, 
TS = 37 dBm,
NFS – NFM = 6 dB
	TM = 43 dBm, 
TS = 37 dBm,
NFS – NFM = 0 dB

	RM at DL boundary
	RS – 7 dB
	RS – 13 dB
	RS dB
	RS – 6 dB


Assume a UE is near the DL boundary and it is served by the small cell. It can be seen that a smaller transmit power difference and a larger NF difference can result in more uplink interference to the macro cell, although this means less uplink interference to the small cell. For all the 4 options, only Option 3 seems to have strong interference to the macro cell. However, since the small cell UE is close to the serving cell and would enjoy a very high grant, RS will not be very low. If the small cell UE is within the SHO area, macro cell can take control of the UE transmit power and mitigate this interference. But if the small cell UE is outside the SHO area as illustrated in Figure 5 (green region), this interference cannot be controlled directly by the macro. This can easily cause non-negligible interference to the macro cell uplink. When there are multiple small cells within the macro cell coverage, the interference from multiple small cell UEs would accumulate at the macro cell receiver, making the interference even stronger. 
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Figure 5 Small cell UE uplink interference to macro cell
From this analysis, small cell UE uplink interference to the macro can be expected. Also, with a smaller difference in transmit power and larger difference in NF, there is more small cell UE uplink interference.
2.2.2 System simulations

We have performed system simulation to show the impact of the macro UE uplink interference. The system simulation assumptions are given in Table 3 and Table 4 in Appendix A, where transmit power of the small cell is 37 dBm, the number of UEs per Marco Cell area is 4, and the small cell is deployed randomly and uniformly in the macro cell area. The target RoT is 6db for both macro cell and small cell.
Simulation results for macro cell UL throughput and RoT are given in Figure 6 and Figure 7. Figure 8 shows the CDF of the small cell RoT generated by non-serving UE.
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Figure 6 Macro cell UL throuhput
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Figure 7 Macro cell UL RoT
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Figure 8 Macro cell RoT generate by non-serving UE
Figure 6 shows that the UL throughput of macro cell decreases with larger NFs. This is because small cell UE brings uplink interference to the macro cell, and the RoT of macro cell is increased (see Figure7). From Figure 8, we can see that 90% of the small cell RoT from non-serving UEs is below 5 dB when there is 6 dB difference in NF. When there is 0 dB difference in NF, this quantity is 2.8 dB. When NF difference is large, the macro cell RoT generated by non-serving UE increases. This is because small cell UE will transmit at higher power to compensate the raised NFS.
Observation 2: There is small cell UE uplink interference to macro cell. A smaller transmit power difference at the base station and a larger difference in NF result in more small cell UE uplink interference to the macro cell.
3. HSDPA and HSUPA performance issues caused by UL/DL imbalance
As analyzed in Section 2.1, there is a UL/DL imbalance region between the macro cell and small cell. In Figure 9, when a UE is in the SHO region, it is to the right of the UL boundary, and this would result in a smaller path loss between the UE and the small cell. Since the UE uplink channels are power controlled by both cells, the dominating power control loop would be the small cell. As a result, when the UE’s uplink channels have sufficient reception quality at the small cell, there would be insufficient reception quality at the macro cell. In Table 2, as the worst case shown in Option 2, when a macro UE is at the DL boundary, the UE RoT at the macro cell could be 13 dB lower than that at the small cell. 
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Figure 9 Macro UE uplink reception quality in SHO
Two major issues occur if the UE in SHO region is served by the macro cell:

· HSDPA performance issue - When a macro UE sends its HSDPA feedback information on the HS-DPCCH, the reception quality could be very poor at the macro cell. Since HS-DPCCH carries important control information such as ACK/NACK and CQI, incorrect decoding of such information would greatly degrade the HSDPA performance of that UE.
· HSUPA performance issue - A macro UE sends scheduling requests including Scheduling Information and Happy Bit to the macro cell to request scheduling resource. It is the macro cell as the serving cell to determine the serving grant based on these requests from the UE. Since the quality of UE E-DPCCH/E-DPDCH could be poor at the macro cell, incorrect decoding of the requests would degrade the performance for HSUPA, especially when the Scheduling Information is only sent to the Serving E-DCH RLS. It could not schedule a proper absolute grant to the UE. As a result, the HSUPA performance of the macro UE is degraded.

Observation 3: If a UE is served by the macro cell and the UE is in the SHO region, UL/DL imbalance would degrade its HSDPA and HSUPA performance.
4. Conclusions

This paper has identified the following issues regarding to the uplink in HetNet:

· UL/DL imbalance between the macro cell and the small cell

· Macro UE uplink interference to small cell
· Small cell UE uplink interference to macro cell
· HSDPA and HSUPA performance caused by the UL/DL imbalance 
It is suggested to investigate solutions to those issues. 
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Appendix A
Table 3: System Level Simulation Assumptions (macro cell)
	Parameters
	Values and comments

	Cell Layout
	Hexagonal grid, 19 Node B, 3 sectors per Node B with wrap-around
Hexagonal grid, 7 Node B, 3 sectors per Node B with wrap-around (Optional)

	Inter-site distance
	500 m
1000m(Optional)

	Carrier Frequency
	2000 MHz

	Carrier Spacing
	5MHz 

	Path Loss
	L=128.1 + 37.6log10(R), R in kilometers


	Log Normal Fading 
	Standard Deviation : 8dB

Inter-Node B Correlation: 0.5

Intra-Node B Correlation :1.0
Correlation Distance: 50m 

	Antenna pattern
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                                                                              = 70 degrees,     Am = 20 dB

	Channel Model
	PA3, VA3

	Penetration loss
	20dB

	Maximum UE EIRP
	24dBm

	Maximum Tx Power of BS
	43dBm

	Max BS Antenna Gain
	14dBi

	Max UE Antenna Gain
	0dBi

	Noise figure of NodeB
	3dB 

	Noise figure of UE
	9dB

	Thermal noise density
	-174dBm/Hz

	HS-PDSCH code number
	15

	HS-SCCH code number
	4

	HS-DPCCH PO
	0 dB

	UE Receiver
	Type 3 (LMMSE 2-rx)

Type 3i (LMMSE 2-rx with IC)

	Soft Handover Parameters
	R1a (reporting range constant) = 3dB

R1b (reporting range constant) = 6dB

	Max active set num
	3

	Power control
	UL: Target 10% IBLER after the first transmission 

DL: Based on CQI. No IBLER control

	Uplink load
	RoT: 6dB

	Traffic model
	Full buffer and Burst Traffic Model

	UE Number per macro cell coverage area
	16

	Small cell Number per macro cell coverage area
	1, 2, 4, 8


Table 4: System Level Simulation Assumptions (small cell)
	Parameters
	Values and comments

	Path Loss
	L=140.7 + 36.7log10(R), R in kilometres [2]

Case 3: Prob(R)=0.5-min(0.5,3exp(-0.3/R))+min(0.5, 3exp(-R/0.095))

	Log Normal Fading 
	Standard Deviation : 8dB, 10dB(Optional)
Inter-Node B Correlation: 0.5

Intra-Node B Correlation :1.0
Correlation Distance: 50m 

	Antenna pattern
	2D Antenna, omni-directional

	Maximum Tx Power of BS
	37dBm, 30dBm,

24dBm (Optional)

	Max BS Antenna Gain
	5dBi

	Noise figure of NodeB
	3dB

	Uplink load
	RoT: 6dB

10dB(Optional)
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