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1. Introduction
During RAN3#73bis discussions on the validity of the Macro-Pico UL interference case study and the usefulness of solutions in this area were carried out. 
There seem to be diverging opinions in RAN3 on whether a Macro UE generating UL interference to a Pico eNB while not detecting the Pico cell constitutes a scenario that should be analysed and addressed with dedicated solutions.

This contribution provides details about the Macro-Pico UL interference scenario described in [2], explaining why it is important to address the performance degradation caused by MUEs and proposing solutions on how such problem could be resolved. 
2. Macro UE - Pico eNB UL interference analysis
During RAN3 73bis simulations were presented showing the effects of UL interference to Pico eNBs without considering the presence of a representative number of neighbour Pico cells and UEs. This section shows how interference to Pico eNBs increases when the number of Picos per Macro cell and UEs increases.  
The aim of this section is to validate the statement that to resolve UL interference at Pico eNBs the best approach is to identify the interfering Macro UEs rather than increasing the Pico UE transmission power (i.e. target reference power P0).
Two HetNet scenarios are considered, where Pico BSs are operating on the same frequency as macro BSs. In Figure 1, two Pico BSs per macro BS are dropped within the macro cell area with a fixed distance from the macro BS, d.

In Figure 2 six Pico BSs per macro BS are dropped within the macro cell area with a variable distance from the macro BS.

Each cell operates at a carrier frequency of 2 GHz. The pathloss model 1 specified in [1] is used. More information about the simulation scenarios is provided in the Annex section.
With the current cell association based on Reference Signal Received Power (RSRP) measurements, a user is served by the BS whose DL signal is received with the largest strength. In LTE, each user sets its Tx power autonomously so as to compensate the pathloss to its serving BS. A user with a large pathloss to its serving BS will thus use a high Transmit (Tx) power. 
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Figure 1:
Considered HetNet scenario with regular positioning of Pico BSs
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Figure 2:
Considered HetNet scenario with distributed positioning of pico BSs

The two deployments in Figure 1 and Figure 2 represent respectively a deployment where only a small penetration of Pico cells is achieved and another where a more substantial penetration of Picos and UE density is used.
In the deployments considered the macro BS has a larger coverage area than Pico BSs and serves users that can be located further away. Therefore, a large proportion of macro users uses a high Tx power, while Pico users located close to their serving BS are not supposed to need a high Tx power. The gap in the Tx power of Pico and macro users is shown in Figure 3 and Figure 4, respectively showing results for the scenarios in Figure 1 and Figure 2. 
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Figure 3
Output Tx power of Macro and Pico users averaged over time, 2 Pico BSs per Macro cell area with d = 1*R 
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Figure 4
Output Tx power of Macro and Pico users averaged over time, 6 Pico BSs per Macro cell area with variable Macro-Pico distance
In Figure 3 a proportion of 10% of Pico UEs have an average Tx power exceeding 5dBm, while this concerns 50% of Macro UEs. In Figure 4 a proportion of 10% of Pico UEs have an average Tx power exceeding 9dBm, while this concerns nearly 70% of Macro UEs. 
The curves in the two figures above show that with higher number of Pico cells per Macro cell the number of Pico UEs transmitting at higher power increase and the average transmission power of Macro UEs increases.
It has to be observed that one of the advantages of deploying Pico cells is that of allowing Pico UEs to transmit at reduced power when compared to Macro UEs. This helps mitigating inter cell interference and reducing UE power consumption. This is achieved via the separation between the red and blue curve in Figure 3 and Figure 4. 
Observation 1: One of the advantages of Pico cell deployments is to maintain low UE transmission power in order to mitigate cross cell interference and to minimize UE power consumption

Some UEs served by the Macro BSs are located in proximity of the hotspots (i.e. Pico cell area) and have a low pathloss to the Pico BS. Consequently, their UL signals, transmitted with large Tx power to overcome the attenuation to the serving Macro BS, create strong inter-cell interference towards the Pico BS. 

This is confirmed by Figure 5 that illustrates the inter-cell interference composition at macro BSs and Pico BSs measured during simulation at the Rx antenna ports for the scenario in Figure 1
Note that the UL interference condition towards Pico eNBs is even more severe if the distance d from Macro BS and Pico BS was higher.  This is because Macro UEs in proximity of the Pico eNB would have to transmit with higher power in order to overcome the pathloss to the macro BS. 
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Figure 5
UL interference composition at Macro and Pico BSs for a distance of 1*R between macro and Pico BSs

In Figure 5 most of the measured inter-cell interference at Pico BSs (~83%) is created by users connected to the macro BS of the same macro cell area while ~14% of the inter-cell interference at Pico BSs is due to users connected to other Macro BSs. The interference from non-served Pico users represents only ~3% of the overall received inter-cell interference at Pico BS. This is because of the low number of Pico cells deployed within the Macro cell coverage. In order to show how inter-Pico interference becomes considerable when more Pico cells are introduced, the interference results shown in Figure 6 are presented. Such results show that it is important to ensure that interference generated by Pico UEs (and therefore Pico UE UL power) remains low, as failure to do so would imply high increase in inter cell interference.
In Figure 6 it can be seen how the interference levels increase with respect to those shown in Figure 5. In particular, it is worth noticing three factors: the interference to Pico BSs generated by non served Pico UEs (raising to over 14%), the interference of Pico UEs to Macro BSs (raising to about 10%) and the interference to Pico BSs from Macro UEs of the same area (going from -81.2 dBm to -55.9dBm). 

It shall be noted that the interference generated by Pico UEs is contained to the levels shown because of the low transmission power used by Pico UEs across the macro cells. The interference level would become even higher if Pico UE target reference power (P0) is increased. 
Note that in the simulations shown, the UE target reference power is the same for macro and pico UEs.
This highlights that in a dense HetNet deployment interference can be subject to very high changes due to increased number of UEs and increased number of cells.  It is therefore not scalable in such scenarios to assume that an UL interference problem can be solved by asking interfered UEs to increase their transmission power.  Such measures will incur in an increase of interference levels which is proportional to the density of the deployment, i.e. a considerable increase in cases of dense HetNets.
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Figure 6
UL interference composition at macro and Pico BSs for a distance of 1*R between macro and Pico BSs

Independently of the location of the Pico BS, with the RSRP based cell association, the UL interference level received at a Pico BS is higher than the one measured at a macro BS due to the strong interference from macro users located in the vicinity of the Pico BS. A gap of 3 to 7dBm can be observed in the overall inter-cell interference received at both BSs shown in the Annex results.

In order to obviate to such interference problems a number of solutions could be used.  Examples of such solutions are Fractional Frequency Reuse (FFR) or Pico Cell Range Extension (CRE).
However, these solutions can only be applied if the interfering Macro UEs can be identified. Without identification of the interfering Macro UEs the Macro eNB would not know e.g. which UE to schedule on sub-bands not interfering with the cell edge Pico UEs (case of FFR); or to which UE a specific offset needs to be applied that would make such UE handover to the Pico Cell (care of CRE).  
In cases where the interfering MUEs cannot be identified, a possible remedy would be to increase the target received power P0 for UEs served by the Pico eNB.

However, two drawbacks can be identified with this remedy:

1) The overall transmission power of Pico UEs would be increased, meaning that the “distance” between the red and blue curve in Figure 3 and Figure 4 will be reduced. This implies an increase in Pico UE power consumption
2) Due to the increase of Pico UE transmission power inter cell interference levels will increase. In case of higher density of Pico eNBs deployments (i.e. higher than 2 Pico per macro cell) the overall inter cell interference will become considerable, as shown in the extended simulation scenario in Annex A
Conclusion 1: In order to mitigate MUE interference towards Pico eNBs it is essential to be able to identify the interfering Macro UEs
3. Relevant Scenarios for Macro-Pico Interference Mitigation
One plausible and challenging interference scenario consists of a Macro UE relatively far from the Macro BS, interfering with a Pico eNB in its vicinity, as illustrated by Figure 7.
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Figure 7. Challenging UL interference scenario. 


The purpose of the scenario shown in Figure 4 is to show how it would be difficult to understand which MUE is generating UL interference to the Pico eNB if only relying on Load Indication from Pico to Macro eNB. 
The technique of identifying interfering MUEs by comparing the UL High Interference Indication IE, included in X2: LOAD INFORMATION message received by Macro eNB from the Pico eNB, with the resources scheduled by the macro to its served UEs was discussed during RAN3#73bis.
In those discussions it was pointed out that this approach already implies a challenging assumption, i.e. that Macro eNB needs to store information concerning the scheduling applied to each served UE for a time duration equal to the period between X2: LOAD INFORMATION messages received from Pico eNB. However, besides this assumption, there is a bigger issue making such approach unfeasible. 
In the scenario in Figure 4 it is assumed that the MUE is scheduled over a good portion of bandwidth, or even the full bandwidth, every N subframes.  This could be caused by bursty traffic at the UE, which is addressed by “bursty scheduling”. 
In general the full bandwidth could be occupied in a short time window by a few UEs in similar conditions.
In such scenario, when one or more UEs are scheduled over the full bandwidth, high UL interference will be generated on most or all subframes. This is because the interfering UE(s) in Figure 7 needs to overcome a fairly high path loss to the macro eNB and therefore it will have to transmit at high power. On the contrary, when these UE(s) are not scheduled the interference levels will decrease by several orders of magnitudes. 
Hence, if a Macro eNB only received the X2: LOAD INFORMATION from the Pico, this message will probably communicate that UL interference is experienced over all (or a good portion) of subframes.  The latter would make it challenging for the Macro eNB to understand which UE was the cause of interference, even if the macro eNB could “remember” the scheduling applied to all UEs between the last two Load Indication messages.
As it was proposed in some contributions [4]

 REF _Ref307866188 \r \h 
[5]

 REF _Ref307866190 \r \h 
[6], the HII IE will need to be enhanced with time-stamping in order to communicate exactly when the interference was monitored at the Pico eNB. However, as explained in the next section, it is very challenging to time stamp information on received interference in a way to match the granularity of scheduling.
Therefore, a more appropriate solution for interfering MUE identification needs to be found.  The next section outlines some solutions already proposed or potentially available.
4. Possible Solutions for Macro-Pico Interference Mitigation
Uplink interferer identification was discussed e.g. in [3][4] as an essential component in interference management solutions between macro and Pico. Some solution candidates have also been presented during RAN3 #73bis. Below is a short summary of some solution candidates, also analysed with respect to the scenario in Section 3:
· Identification based on interference overload indication from Pico to Macro and historical scheduling information in macro.  This means exploiting existing signalling over X2AP, where the interfered Pico indicates the frequency range where it experiences uplink interference overload. By including time of overload from Pico to macro, the macro can identify the uplink interferer by looking up the time-stamped historical scheduling allocations [4]

 REF _Ref307866188 \w \h 
[5]

 REF _Ref307866190 \w \h 
[6]. 
Such interferer identification implies the addition of timestamp information in the HII IE and could be successful in cases where static and/or persistent resource allocations are considered over rather limited frequency ranges. However, the scenario in Section 3 can be difficult to handle, especially if the overload indication is based on the received interference power measurement [7] which is aggregated over 100ms.
· Identification based on MUE location information [4]. If the location of the Pico is known at the macro, then this could enable uplink interferer identification. 

MUE location can be an important component when addressing the scenario in Section 3, provided that location is available, and that the subscriber consents to its use.
· Identification based on the random access procedure [8], where MUE sends a random access preamble which is detected by the non-serving Pico.

Such mechanism is capable of providing prompt and unambiguous uplink interference identification, even in the challenging scenario described in Section 3.

However, it shall be noted that such mechanism requires the MUE to be fully synchronised with the Pico eNB cell and that the MUE would not be able to perform random access while exchanging data with the macro eNB at the same time.

· Identification based on uplink channel sounding, which is similar to the proposed mechanism based on random access. Instead, information about the channel sounding configuration of a candidate MUE is conveyed to the Pico. This information is then used to possibly detect the interfering MUE.
This mechanism, being similar to the one based on random access preambles, is also capable of identifying the uplink interferer unambiguously. It is also based on a procedure that can be configured for a MUE while it is transmitting/receiving data to serving cell.  
The potential solutions currently being proposed for identification of interfering Macro UEs highlight that, if the problem of UL interference generated by UEs not reporting the interfered cell needs to be addressed, changes are needed to the current specifications. 

Conclusion 2: Existing procedures cannot enable the macro eNB to uniquely identify uplink interferers to the Pico eNB cells
This observation together with Conclusion 1 leads to the following proposal: 
Proposal 1: RAN3 shall study methods and signalling means for uplink interferer identification 
5. Conclusions

In this paper a detailed analysis of macro-Pico UL interference was carried out. 

Simulation results were presented, where it was shown that the highest amount of interference affecting Pico eNBs is generated by Macro UEs. 

The paper explained that one of the advantages of deploying Pico eNBs is to decrease inter cell interference (due to lower transmission powers) and to increase battery saving at the UE.  Examples of the severity of inter cell interference are provided in the simulations described in the Annex.  From those simulations results it can be seen how the interference monitored at Pico eNBs increases due to the higher number of neighbouring Pico cells and to the higher number of UEs. It is logical do deduce that interference at Pico eNBs will be even more sever if Pico UE target reference power P0 is increased. For these reasons the following observation was made:
Observation 1: One of the advantages of Pico cell deployments is to maintain low UE transmission power in order to mitigate cross cell interference and to minimize UE power consumption
From the observation above it seems obvious that solving the problem of MUE UL interference to Pico eNBs by increasing the target received power P0 of MUEs is a suboptimal solution.  Hence the following conclusion was derived:
Conclusion 1: In order to mitigate MUE interference towards Pico eNBs it is essential to be able to identify the interfering Macro UEs
The paper moves on to explain the challenges of detecting interfering MUE in cases where the interfered cell cannot be reported. This analysis leads to the following conclusion and proposals:
Conclusion 2: Existing signalling means cannot enable the macro eNB to uniquely identify uplink interferers to the Pico eNB

Proposal 1: RAN3 shall study methods and signalling means for uplink interferer identification.   
Further it is proposed to capture the following text in the RAN3 TR, R3-023, on Carrier Based HetNet ICIC:

	***Omitted Text***


4.B
UL interference in macro-Pico environment

4.B.1
Description

	***Omitted Text***


	***First Change***


4.B.2
Solution

Uplink interferer identification was discussed e.g. in [3]

 REF _Ref307866083 \w \h 
[4] as a vital component in interference management between macro and Pico. Some solution candidates have also been presented during RAN3 #73bis. Below is a short summary of some solution candidates, also analysed with respect to the scenario in Section 3:

· Identification based on interference overload indication from Pico to macro and historical scheduling decisions in macro.  This means exploiting existing signalling over X2AP, where the interfered Pico indicates the frequency range where it experiences uplink interference overload. By including time of overload from Pico to macro, the macro can identify the uplink interferer by looking up the time-stamped historical scheduling allocations [4]

 REF _Ref307866188 \w \h 
[5]

 REF _Ref307866190 \w \h 
[6]. 

Such interferer identification implies the addition of timestamp information in the HII IE and could be successful in cases where static and/or persistent resource allocations are considered over rather limited frequency ranges. However, the scenario in Section 3 can be difficult to handle, especially if the overload indication is based on the received interference power measurement [7] which is aggregated over 100ms.

· Identification based on Macro UE location information [4]. If the location of the Pico is known at the macro, then this could enable uplink interferer identification. 

Macro UE location can be an important component when addressing the scenario in Section 3, provided that location is available, and that the subscriber consents to its use.

· Identification based on the random access procedure [8], where Macro UE sends a random access preamble which is detected by the non-serving Pico.

Such mechanism is capable of providing prompt and unambiguous uplink interference identification, even in the challenging scenario described in Section 3.

However, it shall be noted that such mechanism requires the Macro UE to be fully synchronised with the Pico eNB cell and that the Macro UE would not be able to perform random access while exchanging data with the macro eNB at the same time.

· Identification based on uplink channel sounding, which is similar to the proposed mechanism based on random access. Instead, information about the channel sounding configuration of a candidate Macro UE is conveyed to the Pico. This information is then used to possibly detect the interfering Macro UE.
This mechanism, being similar to the one based on random access preambles, is also capable of identifying the uplink interferer unambiguously. It is also based on a procedure that can be configured for a Macro UE while it is transmitting/receiving data to serving cell.  

	***End of Changes***
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Annex A – Details on Simulation Scenarios
The scenario depicted in Figure 1 has been used for simulations in a fully loaded 10 MHz FDD LTE network consisting of 3 sites with three macro cells per site. The inter-site distance is 500 m and the macro cell radius, R, is equal to 167m. The configuration 4b of a heterogeneous deployment as defined in [1] is considered, in which 2 Pico BSs and 30 users are dropped per macro cell area. Two third of these 30 users are explicitly located within two hotspots modeled with a circle of 40m radius around each Pico BSs. Overall there are 27 cells and 270 users in the simulated network. In the simulation the distance between the macro BS and its 2 Pico BSs can be varied. Full buffer traffic model is used.

The scenario depicted in Figure 2 has been used for simulations in a fully loaded 10 MHz FDD LTE network consisting of 3 sites with three macro cells per site. The inter-site distance is 1732 m and the macro cell radius, R, is equal to 580m. 
In the configuration used 6 Pico cells per Macro cell are deployed.  The pico cells are deployed randomly within each macro cell coverage.  A total of 150 UEs per macro cell are present, where 30% of UEs are served by Pico cells. This leaves about 100 MUEs per macro cell.  Overall there are 54 cells and 1350 users in the simulated network. In the simulation the distance between the macro BS and its pico BSs can be varied. Full buffer traffic model is used.

Each cell operates at a carrier frequency of 2 GHz. The pathloss model 1 specified in [1] is used.

In Table 1 and Table 2 the interference levels monitored at Macro BS and Pico BS are described.

	
	1*R distance between a macro and its Pico BSs

	
	Received at macro BS
	Received at Pico BS

	Total interference level
	-87dBm
	-80dBm

	Noise level
	-116.44dBm

	Inter-cell interference from macro users of the same macro cell area
	NaN 
	-81.2dBm (82.7%)

	Inter-cell interference from macro users of different macro cell areas
	-87 dBm (93.6%)
	-89dBm (14.1%)

	Inter-cell interference from non-served Pico users
	-98.8 dBm (6.4%) 
	-99.3 dBm (3.2%)


Table 1: 
Inter-cell interference level per RB at macro and Pico BS before applying a receiving algorithm

	
	Received at macro BS
	Received at pico BS

	Total interference level
	-57dBm
	-54dBm

	Noise level
	-127.24dBm

	Inter-cell interference from macro users of the same macro cell area
	-
	-55.9dBm (71.3%)

	Inter-cell interference from macro users of different macro cell areas
	-58.6 dBm (73.6%)
	-62.8dBm (14.5%)

	Inter-cell interference from pico users of the same macro cell area
	-64.5 dBm (19.3%) 
	-64.4 dBm (10.1%)

	Inter-cell interference from pico users of different macro cell areas
	-68.8 dBm (7.1%) 
	-68.3 dBm (4.1%)


Table 2: 
Inter-cell interference level per RB at macro and pico BS

From Table 2 it can be seen how the interference levels increase with respect to those monitored in Table 1. This highlights that in a dense HetNet deployment interference can be subject to very high changes due to increased number of UEs and increased number of cells.  It is therefore not scalable in such scenarios to assume that an UL interference problem can be solved by asking interfered UEs to increase their transmission power.  Such measures will incur in an increase of interference levels which is proportional to the density of the deployment, i.e. a considerable increase in cases of dense HetNets.
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