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1. Introduction 
In co-channel scenarios, uplink interference issue could limit the performance of HetNet deployments as analyzed in [1]. The system simulation assumptions were agreed in the last meeting [2]. In this paper, we give an analysis on the uplink interference level based on the system simulation results.
2. Uplink interference issues

2.1 Macro UE uplink interference to LPN
2.1.1 Analysis

Since the Tx power of macro NodeB and LPN are different, the DL boundary is not aligned with the UL boundary. At the DL boundary, both macro and LPN reach the UE with the same power, while at the UL boundary, the path loss to the macro and the LPN 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 LPN is larger than that at the macro cell. As a result, this signal can easily be a strong interference to the LPN UE uplink signals, causing the consumption of the uplink budget of the LPN.


[image: image1.emf]Macro

LPN

UL boundary DL boundary

SHO Area


Figure 1 Uplink interference scenario from macro UE to LPN
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 LPN and the macro cell.
NFS, NFM: Noise figure (NF) of the LPN and the macro cell. 
TS, TM, TUE: Transmit power of the LPN, macro cell and UE.
The uplink RoT difference observed at the macro cell and the LPN 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 LPN, 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. NFS and NFM are supposed to be the same here based on the new simulation assumption. 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 LPN
	
	Option 1
	Option 2
	Option 3

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

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

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

	RS at the point of Serving cell change (RE = 3dB)
	RM + 10 dB
	RM + 4 dB
	RM + 3 dB


From the table above, it can be seen that when a macro UE is near the UL boundary, its interference to the LPN is rather small. However, as the macro UE moves from the UL boundary towards the DL boundary while the serving cell is not changed to the LPN, 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 and the LPN is not added in the UE’s active set. For Option 1, the UE RoT at the LPN can be 13 dB higher than that at the macro cell, which could easily be a large interference to the LPN. For Options 3 the interference is generally less than in Option 1, due to their smaller transmit power difference and macro UE’s RoT is 6 dB higher than that at the macro cell. If the RE is applied, less UL interference will be observed at LPN.
From this analysis, significant macro cell uplink interference to the LPN can be expected. 
One way to alleviate the macro cell uplink interference to the LPN is to employ desensitizing techniques especially for the LPNs with very low transmit power. These LPNs can be implemented with a low cost receiver with a large noise figure. If so, NFS – NFM will be larger than 0dB and there will be less interference. As the noise figure for the LPN is large, the UEs served by the LPN would increase the transmit power, which brings additional UL interference from the LPN UE to the macro cell.
Another implementation method to solve the interference generated by macro UE to LPN can be applying interference cancellation techniques at the LPN. But the LPN should be informed about the existence of the interference caused by the macro UE and its relative info. Based on the analysis above, macro UE in the imbalanced region it would cause uplink interference to the LPN. Currently, the threshold of event 1a is 4.5 dB and the CIO of the LPN is 3dB. Then the macro UE may report 1a before it causes the uplink interference at the UL boundary to the LPN if the transmit power of the LPN is 37dBm. But for the 30dBm LPN, no measurement report will be triggered before the macro UE causing the UL interference and the network cannot be triggered to perform any interference cancellation. So maybe a new event should be defined with a larger CIO value to report the UL interference scenario.
2.1.2 System simulations

We have performed system simulation to show the impact of the macro UE uplink interference to LPN. Table 1 lists only the parameters that are more relevant for the simulation of the UL interference issue. The UE selects the serving cell based on Ec/N0 in downlink CPICH.

Table 1 Parameters for UL interference issue
	Parameters
	Values and comments

	Numbers of UE per Macro Cell
	8 UEs 

	The deployment of LPNs
	Co-channel with Macro cells

	Maximum Tx Power of LPNs
	37dBm，30dBm

	Number of LPNs in a Macro cell
	2

	Dropping criteria for LPNs
	Randomly and uniformly distributed within a macro cell

	Dropping criteria for UEs
	Hotspot: Randomly and uniformly drop Photspot of the total users within an r= m radius of LPN base station, and randomly and uniformly drop the remaining users to the entire macro geographical area of the given macro cell (including the LPN user dropping area).
The radius (r) of the LPN is equal to 35m, and 60m when the LPN power is 30dBm, and 37dBm, respectively.

Type 1: Photspot = ½

	RE of LPN
	3dB 

	Target RoT for both macro and LPN
	6dB

	Noise Figure of the Node B
	5 dB, 11 dB


Non-serving RoT of the LPN can be considered as an intuitive metric for the uplink inter-cell interference. It is derived from the following equation:

Non-serving RoT in dB = (Total Cell RoT in linear – Serving Cell RoT in linear) in dB

Non-serving RoT of LPN could be contributed from the UE whose serving cell is neighbor Macro and LPN, including those UEs in the SHO region. Figure 2 shows the CDF of non-serving RoT of LPN with different LPN transmit power and noise figure difference. From Figure 2, it can be seen that for the 30 dBm LPN with 0 dB noise figure difference, the non-serving RoT could be even higher than 6 dB, which is the target RoT of the LPN. This shows the fact that some of the UEs have generated very strong interference to the LPN and those UEs are outside of the SHO. From Figure 3 we can see that the UE throughput of the 30 dBm LPN with 0 dB noise figure difference is very low. As 30 dBm UE has few LPN-LPN SHO region, such interference comes from the Macro and it brings big impact to the 30 dBm LPN UE’s performance. For 37 dBm LPN with 0 dB noise figure difference, no non-serving RoT beyond about 3 dB can be observed. The Macro UE uplink interference issue is much less for the 37 dBm LPN compared with the 30 dBm LPN.

When the noise figure difference is increased to 6 dB, we can see that 30 dBm’s non-serving RoT curve is almost shifted to the left by about 6 dB. This shows a direct effect of the desensitizing technique to reduce the Macro UE’s uplink interference, as 30 dBm LPN has limited uplink coverage and it has few LPN-LPN SHO UEs. The non-serving RoT curve for 37 dBm LPN, however, is not shifted that much. The Macro uplink interference is reduced however the LPN UE is not, because the desensitizing technique results in the increase of all LPN UE’s transmit power. Throughput gains can be observed clearly in Figure 3 for both 30 dBm and 37 dBm LPN UE after the desensitizing technique. 
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Figure 2 CDF of non-serving RoT of LPN
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Figure 3 CDF of LPN UE UL throughput

From the figures above, it can be concluded that transmit power difference of the LPN and noise figure difference of the Macro and the LPN may cause different UL interference from the macro cell to the LPN. The reason of this phenomena may be the region between UL and DL boundaries is bigger when the LPN’s transmit power is smaller. More macro UEs (not in the SHO area of LPN and macro cell) will cause severe UL interference to the LPN.

Observation 1: The Macro UE uplink interference to the LPN is severe for the LPN with small transmit power and small noise figure difference.
2.2 LPN UE uplink interference to macro cell
2.2.1 Analysis
Similar to the analysis in Section 2.1, the LPN 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 LPN UE uplink RoT observed at the macro cell
	
	Option 1
	Option 2
	Option 3

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

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

	RM at the point of Serving cell change (RE = 3dB)
	RS - 10 dB
	RS - 4 dB
	RS - 3 dB


Assume a UE is near the DL boundary and it is served by the LPN. It can be seen that a smaller transmit power difference can result in more uplink interference to the macro cell, although this means less uplink interference to the LPN. Since the LPN UE is close to the serving cell which has a lower load compared to the macro, it would enjoy a very high grant. So RS will not be very low. If the LPN UE is within the SHO area, macro cell can take control of the UE transmit power and mitigate this interference. But if the LPN UE is outside the SHO area as illustrated in Figure 6 (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 LPNs within the macro cell coverage, the interference from multiple LPN UEs would accumulate at the macro cell receiver, making the interference even stronger. 
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Figure 4 LPN UE uplink interference to macro cell
From this analysis, LPN UE uplink interference to the macro can be expected. Moreover, if the desensitizing techniques as well as RE are applied in the LPNs, the interference will be more severe. This can be seen from the system simulation results in Figure 5, 6, 7.
So solutions are needed to mitigate this interference. LPNs should be set with a proper RoT (RTWP) value. Or other solutions like enhanced macro and LPN coordination uplink scheduling algorithm can be studied here.
2.2.2 System simulations

The same parameters are used as in section 2.1.2.

The LPN’s transmit power is 37dBm and 30dBm. And 5dB and 11dB Noise figures are considered for the LPN . The impact of uplink desensitizing technique is analyzed based on the result shows below:
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Figure 5 CDF of non-serving RoT of Macro
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Figure 6 CDF of Macro UE UL throughput
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Figure 7 Average Macro UE UL throughput 
From the Figure 5, it can be seen that when the noise figure difference is 0 dB and LPN is 37 dBm, Macro receivs stronger non-serving RoT than the 30 dBm LPN case. This is because compared with 30 dBm LPN, 37 dBm LPN can serve more UEs and the pathloss may not be large enough to mitigate the uplink interference. The strongest non-serving RoT of Macro for the 37 dBm LPN case is about 3 dB, which is not that significant. 
When noise figure difference is 6 dB, the non-serving RoT of Macro in the 30 dBm LPN case increases a bit, showing the effect of increasing LPN UE’s transmit power. For the 37 dBm LPN case, however, the non-serving RoT is shifted to the right about 4~5 dB. The highest non-serving RoT is even as high as 8 dB, which is even higher than the target RoT of the Macro. This shows the fact that some of the LPN UEs have generated very strong interference to the macro and those UEs are outside of the SHO. Figure 6 shows the decrease of the Macro UE’s throughput. Figure 7 also shows the average Macro UE’s throughput loss for both 30 dBm and 37 dBm LPN cases after applying the desensitizing technique. A smaller transmit power difference between the Macro and the LPN, and/or the use of desensitizing techniques result in more LPN UE uplink interference to the Macro.
In the following system simulation result, the impact of the RE is also shown. The uplink desensitizing technique is not applied. RE=0dB, RE=3dB and RE=6dB are used for LPN.
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Figure 8 CDF of non-serving RoT of Macro with different RE
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Figure 9 CDF of non-serving RoT of LPN with different RE

From Figure 8 and Figure 9, we can find that with the increase of RE, the macro cell’s non-serving RoT is increased while the LPN’s non-serving RoT is decreased for both 30 dBm LPN and the 37 dBm LPN cases. When RE is increased, more UEs can be served by the LPN. In addition, as the LPN-Macro SHO region is also shifted outwards of the LPN center, more LPN UEs would be outside of the SHO region and this would cause much stronger interference to the Macro. The black dotted curve in Figure 8 shows this fact, that the non-serving RoT of the Macro would be as much as 5 dB. Increasing RE would mitigate Macro interference to the LPN. With 0 dB RE, then the non-serving RoT for the 30 dBm LPN can be as high as 8 dB. Even with 3 dB RE, it could be still as high as 6 dB. This is because with increased RE, LPN’s uplink coverage is increased and the Macro UE’s path loss to the LPN is also increased. As a result, increase of RE will result in more LPN UE uplink interference to the Macro, but less uplink Macro interference to the LPN.
Observation 2: The LPN UE uplink interference to the Macro is severe for the LPN with large transmit power and noise figure difference. 
Observation 3: Although desensitizing techniques and the increase of RE result in more LPN uplink interference to the Macro, they result in less Macro uplink interference to the LPN.
3. Conclusions

In this paper, from system simulation results we have analyzed the following issues regarding the uplink in HetNet:

· UL/DL imbalance between the macro cell and the LPN
· Macro UE uplink interference to LPN
· LPN UE uplink interference to macro cell
Although desensitizing techniques and RE result in more LPN uplink interference to the Macro, these techniques cause less Macro uplink interference to the LPN. Uplink interference is not fully mitigated using desensitizing techniques and RE. It is suggested to continue the investigation of solutions to further overcome uplink interference issues.
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