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1. Introduction

In RAN4#63 meeting, more system simulation results [1]-[9] were brought out according to the agreed simulation assumptions on [10]. However it seems that different companies have still different views on the criteria to decide the number of cancelled interferers.
In this contribution, we present updated system level results of the interference conditions at the UE side to be used in the requirements specification work necessary to support FeICIC in Rel-11, and based on them bring our view on the criterion to decide the number of cancelled interferers. 
In Section 2, the simulation assumptions and methodology are summarized. Section 3 presents signal level statistics of the Signal to Interference plus Noise Ratio as experienced at the input of UEs. In Section 4, interference conditions for RRM/RLM and demodulation assuming CRS are addressed, with statistics of the signal levels of the victim cell and the main aggressor cells. Based on the results recommendations for performing interference cancellation at the UE can be given. In Section 5 the interference condition for acquisition signals (PSS/SSS) and broadcast (PBCH) is discussed. Finally, some concluding remarks are given in Section 6.
2. Summary of simulation assumptions and methodology
Co-channel macro + pico scenario as defined in [10] is simulated. A perfectly synchronized network is assumed for FeICIC operation, with all macro eNBs using the same ABS muting pattern. The simulation resolution is one subframe (time-step) and one subcarrier (freq domain resolution). We restrict the simulations here to 3GPP Model 1 for path loss. CRS is transmitted with constant power (same in ABS and in normal subframes). The main simulation parameters are summarized in Table I.
Table I: Summary of default simulation assumptions.

	Parameter
	Setting

	Network Layout
	4 pico-eNBs per macro-cell, ISD = 500m, 1732m

	PCI assignment 
	Baseline assumption in [10]
· Macro cell: Planned PCIs with 3-reuse per macro site 
· Pico cell: Random PCIs for pico cells 

	Cell layout
	7 macro-sites (21 macro-cells), wrap-around

	Transmit power
	Macro-eNB: 46 dBm; pico-eNB: 24dBm, 30 dBm

	Sub-frame duration
	1 ms (11 data plus 3 control symbols )

	Bandwidth
	10 MHz at 2000 MHz frequency

	MIMO 
	2 x 2 with rank adaptation 

	Antenna gain
	Macro: 14 dBi; pico: 5 dBi; UE: 0 dBi

	Antenna pattern
	Macro: 3D [10]; Pico and UE: Omni

	ABS muting ratio
	Same for all macro-eNBs, 1/8

	RE offset
	9 dB

	UE placement
	Conf 4b (2/3 Ues inside the hotspots, the remaining Ues are uniformly distributed within the macro-cell area); Conf 1 (all Ues are uniformly distributed within the macro-cell area).

	UEs of interest
	Pico UEs with the 25%-ile and 50%-ile SINR of pico UEs in the CRE zone; pico UEs with the 5%-ile SINR of all pico UEs; pico UEs with the 50%-ile SINR of pico UEs in the non CRE zone; macro UEs with the 5%-ile SINR of macro UEs. 

	Number of CRS antenna ports
	2 CRS antenna ports


3. Signal to Interference and Noise Ratio statistics 

We provide several signal level statistics at the UE side in different scenarios to be used for the definition of appropriate UE requirements for CRS and PBCH interference cancellation and RRM/RLM. Notice that these statistics are extracted assuming no interference mitigation and prior to scheduling processes, thus showing the signal quality even if the user is not scheduled.
First of all, in Figures 1 and 2 we plot the CDF of the Es / Iot levels for different pico transmission powers (24dBm and 30dBm) and different kind of users (all users, only pico users, only macro users). The ratio Es / Iot is plot for (a) ABS subframes and (b) non ABS subframes. Following the settings in [10] the RE is 9dB in all scenarios. Notice that this value was agreed for the case of 30dBm but, as it was shown in [11], the optimal RE offset should be increased when the pico transmission power is reduced to 24dBm. Two different inter-site distances are considered, 500m (Figure 1) and 1732m (Figure 2). With ISD=500m, 47% of the users are connected to a pico eNB if the transmission power is 24dm, while this percentage goes up to 65% if transmission power is 30dB. With ISD = 1732m, the offloading ratio is 84% for 24dBm and 90% for 30dBm. 
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    (a) ABS                                     (b) non ABS
Figure 1. CDF of the Es / Iot levels. ISD = 500m
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    (a) ABS                                     (b) nonABS
Figure 2. CDF of the Es / Iot levels. ISD = 1732m

As expected, the Es / Iot of pico-users is improved during protected frames. The degradation of macro-users during ABS is not relevant since they are not scheduled during protected frames, and it is included only for comparison purposes. Focusing in the non restricted subframes, it is also observed that with ISD = 500m the macro users perceive higher Es / Iot than pico-users, but when the ISD is increased to 1732m this is only true for users in the cell-edge. Moreover, focusing on the 50%-ile we can see that the Es / Iot is better with ISD = 1732m than ISD = 500m. The reason is that on one hand macro UEs perceive a worse signal level due to the increased distance, but on the other hand there are more UEs offloaded to the pico layer and the macro interference suffered by pico-UEs is reduced.    
In Table II, we extract the Es / Iot percentiles from the Figures above for the users of interest (see Table I), and add also configuration 1, for ABS and non-ABS subframes.

Table II. %-ile [dB] of the Es / Iot for the UEs of interest

	
	ABS
	Non ABS

	
	Pico
	Macro
	Pico
	Macro

	
	ALL
	CRE
	Non-CRE
	
	ALL
	CRE
	Non-CRE
	

	
	5%-ile
	25%-ile
	50%-ile
	50%-ile
	5%-ile
	5%-ile
	25%-ile
	50%-ile
	50%-ile
	5%-ile

	4b
	24dBm
	500m
	-1.8
	-0.3
	1.8
	20.2
	-3.5
	-10.1
	-8.6
	-6.7
	2.7
	-0.8

	
	
	1732m
	-2.7
	0.0
	2.8
	24.7
	-7.3
	-9.6
	-7.7
	-5.3
	17.3
	-3.9

	
	30dBm
	500m
	-1.9
	-0.3
	1.8
	21.3
	-4.2
	-9.3
	-8.1
	-6.1
	4.0
	-0.4

	
	
	1732m
	-3.2
	1.3
	3.3
	23.7
	-7.0
	-8.5
	-6.2
	-4.8
	19.6
	-2.0

	1
	24dBm
	500m
	-3.0
	-9.1
	-5.8
	2.1
	-3.9
	-11.4
	-9.5
	-7.4
	2.1
	-1.4

	
	
	1732m
	-6.0
	-6.0
	-2.2
	4.7
	-7.7
	-12.9
	-11.3
	-9.3
	0.4
	-4.4

	
	30dBm
	500m
	-3.8
	-7.4
	-2.1
	4.0
	-4.8
	-10.8
	-9.11
	-7.2
	2.2
	-1.2

	
	
	1732m
	-5.8
	-5.6
	-2.3
	4.6
	-6.8
	-11.3
	-10.1
	-8.1
	0.7
	-2.4


Specifically, we will use in next sections the next working points extracted from Table II:

· 5%-ile of pico UEs during ABS (blue) for RRM&RLM/CRS IC
· 5%-ile of pico UEs during ABS (blue) or 50%-ile of pico UEs in CRE during ABS (yellow) for demodulation/CRS IC
· 5%-ile of pico UEs during non-ABS (red) for cell detection /PSS/SSS/PBCH IC
4. Interference Conditions for RRM/RLM and Demodulation 

4.1. Es / Iox
First of all, Figures 3 and 4 plot the ratio Es / Io x for all the pico-UEs, where Es is the signal level from the serving pico and Io x denotes interference by all eNBs except the strongest x perceived macro cells strongest perceived macro cell. E.g. Es / Io 2 indicates that the interference from the strongest macro and the second macro interferer are removed. It is shown that the possibility is very low for a Pico cell being a 1st/2nd/3rd strongest interferer which needs to be cancelled [11]. The ISD is 500m and the transmission power is 24dBm (a) and 30dBm (b). Figure 3 corresponds to ABS and Figure 4 to non-ABS. Nevertheless, the focus here is on ABS, since CRS IC is intended to improve the performance of pico users in the extended area that are scheduled during the protected frames. 
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                (a) pico tx power = 24dBm
   





 (b) pico tx power = 30dBm

Figure 3. CDF of Es / Iox for all Pico UEs during ABS
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                (a) pico tx power = 24dBm
   





 (b) pico tx power = 30dBm

Figure 4. CDF of Es / Iox for all Pico UEs during non-ABS

The Es / Io x levels are higher for a transmission power of 24dBm compared to 30dBm, due to the higher interference from 30dBm pico in ISD=500m case. Moreover, we can see a significant improvement in the perceived interference if the dominant macro interferer is removed. This seems to indicate that for most users there is a dominant macro interferer and the others are perceived at a much lower level. Thus, it is recommended to cancel at least one macro interferer, with a gain of around 6dB for the median user. Some extra 2dB would be obtained if a second interferer is cancelled. From then smaller gains are observed by cancelling more macros. 
See also [11] for similar statistics supporting the observations in Figure 3 and 4. 

Observation #1: A gain of ~6dB in the 50%-ile of Es / Iot can be obtained by cancelling the strongest macro interferer. Cancelling also the second strongest macro interferer can provide an extra ~2 dB gain, while cancelling third strongest only results in up to ~1 dB gain for the considered scenario.
4.2. Es / Noc for the victim cell and three strongest aggressors

The plots in Figures 3 and 4 correspond to all pico users. We investigate next the levels of pico users in the worst interference conditions, i.e. pico users in the extended area. Moreover, CRE users are also the ones that mainly benefit from CRS IC. Even though the main focus is on cell-edge users (5%-ile all), also the median pico user (50%-ile CRE) in the extended area is observed to complete the study. For these statistics ABS subframes are considered. 
First of all, we observe the Es / Iot of users in the CRE. Focusing in hotspot configuration, and ISD = 500m, the 5%-ile of pico UEs (blue in Table II) and 50%-ile of CRE pico UEs (yellow in Table II) during ABS are taken as the two working points. For example, the 5%-ile of Es / Iot is -1.8dB for 24dBm and -1.9dB for 30dBm for configuration 4b. The interference level perceived by those users for these side conditions are obtained and shown in the Tables below. Particularly, we plot in Tables III and IV the Es / Noc x levels for the Es / Iot levels of interest for Configuration 4b.  Noc x is the interference from all other cells except the three strongest macros (i.e. interference from remaining macros plus pico interference and noise). The Es / Nocx is reported for the victim cell and for the three strongest macro interferers. The reported Es/ Nocx in table is the average of the Es/Noc of all users in the interval of +-0.1dB around the Es/Iot of interest (e.g. the interval -1.7~ -1.9dB for Es/Iot= -1.8dB case), referring the similar approach in [6]. The transmission power is 24dBm and 30dB. The ISD is 500m. Table III corresponds to hotspot configuration and Table IV to uniform distribution.


Table III. %-ile [dB] of the Es / Noc. Configuration 4b and ABS
	
	Tx power = 24dBm

	Users
	Es / Iot
	(Es / Noc) victim
	(Es / Noc) aggressor1
	(Es / Noc) aggressor2
	(Es / Noc) aggressor3

	5%-ile pico UEs
	-1.8dB
	0.1
	4.5
	1.6
	-2.4

	50%-ile CRE pico UEs
	1.8dB
	8.2
	5.5
	-3.5
	-8.3

	
	Tx power = 30dBm

	5%-ile pico UEs
	-1.9dB
	0.1
	4.8
	1.8
	-1.5

	50%-ile CRE pico UEs
	1.8dB
	8.2
	5.5
	-3.5
	-8.3


In Table IV, we plot the same information as Table III now for Configuration 1. 


Table IV. %-ile [dB] of the Es / Noc. Configuration 1 and ABS
	
	Tx power = 24dBm

	Users
	Es / Iot
	(Es / Noc) victim
	(Es / Noc) aggressor1
	(Es / Noc) aggressor2
	(Es / Noc) aggressor3

	5%-ile pico UEs
	-3.0
	-1.6
	3.6
	0.1
	-2.2

	50%-ile CRE pico UEs
	-5.8
	-4.9
	2.2
	1.9
	-1.5

	
	Tx power = 30dBm

	5%-ile pico UEs
	-3.8dB
	2.0
	9.0
	-0.5
	-5.3

	50%-ile CRE pico UEs
	-2.1dB
	2.2
	7.3
	-0.5
	-5.7


For different type of requirements, it is possible to have different number of interference cells for modelling. 
· For RRM/RLM, since only the CRS REs need to be measured, we need to model the strongest interferers on the serving Pico CRS REs. And as affront mentioned, from the table 2 in [11], for cell edge UE, It is shown that the possibility is very low for a Pico cell being a 1st/2nd/3rd strongest interferer which needs to be cancelled. 

· Due to the well PCI planning (also as baseline assumption in [10]) for Macro layer, the frequency shifting of the CRS mapping to REs between Macro layers are different, thus it is quite possible that only one strong interferer from Macro CRS conflicting with the Pico CRS REs if all the Macro BSs in network have similar muting pattern. 
· But in the condition of not adopting similar muting pattern in networks, it is still quite possible that the 2nd and 3rd strongest aggressor Macro cells’ data transmission will interfere the Pico CRS REs. Thus we need to check the status of the 2nd and 3rd strongest aggressor as well.

· For CRS based Demodulation, the interference is observed both on CRS REs by CRS of colliding Macro cell and data channels by the non-colliding Macro cell’s CRS if considering the similar muting pattern. Thus the evaluation should not only limit to the colliding Macro. Similarly considering different muting pattern, it also needs to check the 2nd and 3rd strongest aggressor to evaluate the severity and potential gain of cancelation. 
In table III and IV, it can be observed that the levels for the two main interferers are higher than the serving cell in most scenarios, corroborating the benefit obtained from the cancellation of these two signals. On the other hand, the third interferer is always perceived at a lower power compared to the victim, but the differences with the serving cell can be small (e.g. 0.6dB for Conf 1, 5%-ile, tx power = 24dBm).
In [11] set of simulations is conducted which checkes the different performances with X dB interference suppression and TH dB threshold for RSRPinterferer/RSRPserving_pico fulfilled for interfering cells. It was shown that the small threshold (e.g. -3dB), and the interference suppression X > 10 dB for Es/Iox is preferred to achieve the better gain (almost close to the ideal cancellation) for both 5%-ile and 50%-ile user throughput. While for threshold TH=0dB, the improvement on 50% user throughput is not such much. Here our analysis of the table III/IV is with TH=0dB, while if considering the threshold -3dB, and interference suppression >10dB, it is more obviously preferred to cancel 3 strongest interferers.
Moreover, when concluding on these results, we have to keep in mind that presented results are for a scenario with 3-sector macro sites. If macro site are upgraded to have 6-sectors, the number of macro-cells causing interference for pico-UEs are likely to also change. In addition, small percentage of the CRE UEs may also observe strong interference from the 3rd strongest Macro. Therefore we recommend considering interference cancellation of up to 3 macro-cells.   

At least the CRS from the two strongest macro interferers shall be cancelled be the UE to achieve most of the FeICIC performance benefits for cases with 3-sector macro sites. In order to have future proof solution, we recommend applying interference cancellation up to three macro cells for demodulation. While for RRM/RLM measurements a relaxed requirements could be OK considering the network planning for Macro layer.  

5. Interference Conditions for Cell Detection
5.1. Colliding/non-colliding PSS/SSS/PBCH case

Cell acquisition includes cell identification based on the detection of the PCI using primary and secondary synchronization signals (PSS/SSS) and decoding of the physical broadcast channel (PBCH) to get the most important cell parameters. The acquisition signals (PSS/SSS) and the PBCH are transmitted on a fixed schedule. 

Colliding case

When the PSS/SSS resource position of the victim cell collides in time and frequency with that of the aggressor, the strong PSS/SSS macro interference can jeopardize the cell acquisition process of users in the extended area. In this case, the experience signal levels of PSS/SSS match up with those shown in Figures 1 (b) and 2 (b). It can be observed that there are big differences in signal level between the macro and pico layer, which may significantly increase the time required for pico cell search and difficult normal FeICIC operation. In order to enable FeICIC operation in the colliding case, the UE interference cancellation receiver shall also suppress PSS/SSS/PBCH interference. 
For cases with no time-shift between macro and pico layer (i.e. colliding PSS/SSS/PBCH transmissions from both layers), the pico-UE shall also perform interference cancellation of PSS/SSS/PBCH from the dominant macro interferers. Cases with no time-shift between layers shall be used as default case. 
Non-colliding case

Alternatively, the effect of PSS/SSS in FDD can be handled by shift timing between the macro and pico layer. The main idea is to include a time-shift (a given number of subframes) between pairs of cells so that the acquisition signals do not interfere with each other. Then, the interfering cell enables the detection of weak cells by not scheduling data on the resources that interfere with the PSS/SSS of neighbour cells. More details on such solutions are available in [12]. However, notice that such solutions are primarily feasible for FDD, while more being more problematic to apply for TDD.  
For FDD with proper time-shifting between the victim cell and the aggressor cell, mutual inter-layer interference between PSS/SSS/PBCH can be avoided with proper ABS pattern configuration, and therefore no explicit need for interference cancellation of PSS/SSS/PBCH. 

It is network configuration flexibility for time-shifting or not. And only the requirements upon the colliding case need to be specified.  
5.2. Interference conditions in the colliding case

In the colliding case, the interference condition at the UE to perform the PSS/SSS/PBCH has to be set. Cell-edge users are the ones suffering more severe problems in the cell detection. Thus, the side condition here is set as the 5%-ile of all pico UEs during non-ABS. With this working point, the Es / Noc for the victim cell and the main three interferers are reported in Tables V and VI, similarly as we did in Table III and IV but for non-ABS.

Table V. %-ile [dB] of the Es / Noc. Configuration 4b and non-ABS
	
	Tx power = 24dBm

	Users
	Es / Iot
	(Es / Noc) victim
	(Es / Noc) aggressor1
	(Es / Noc) aggressor2
	(Es / Noc) aggressor3

	5%-ile all pico UEs
	-10.1dB
	1.9
	9.9
	6.1
	-1.9

	
	Tx power = 30dBm

	50%-ile CRE pico UEs
	-9.3dB
	5.7
	10.4
	8.6
	-1.2


In Table VI, we plot the same information as Table V for Configuration 1. 


Table VI. %-ile [dB] of the Es / Noc. Configuration 1 and non-ABS
	
	Tx power = 24dBm

	Users
	Es / Iot
	(Es / Noc) victim
	(Es / Noc) aggressor1
	(Es / Noc) aggressor2
	(Es / Noc) aggressor3

	5%-ile all pico UEs
	-11.4 dB
	-0.1
	4.6
	7.0
	-1.6

	
	Tx power = 30dBm

	50%-ile CRE pico UEs
	-10.8 dB
	-0.9
	6.6
	4.3
	1.7


The PBCH/PSS/SSS is fully overlapped between eNBs without time shifting. And for single eNB, we can assume the PBCH/PSS/SSS transmission is with similar power level of CRS if not consider power boosting. Thus the first 3 strongest interferer levels need to be checked.
In most cases, the second strongest interferer level is quite much higher than the (Es/Noc) victim. And specifically on case configuration 1 and 50-ile CRE Pico UEs, the 3rd strongest interferer level is also larger than the serving cell. 

From these results we conclude that UE interference cancellation from up to three macro cells shall be performance to have good cell detection performance (i.e. PBCH/PSS/SSS) performance for all the considered cases.
6. Summary
We have presented updated signal level statistics at the UE side to be used in the specification work to support FeICIC in Rel-11. Based on the presented system level results, we make the following observations and proposals:

· For data channel demodulation, it is proposed that pioc-UEs shall perform CRS IC of the three strongest interfering macro cells. Here the strongest interfering macro cells refer to cells from which the RSRP is stronger than the RSRP from their serving pico-cell (TH=0dB). Hence, depending on the conditions experienced by the pico-UE, it shall perform CRS IC from 0, 1, 2, or 3 macro cells [11].
· For pico-cell RRM and RLM measurements it is proposed to use relaxed requirements by only considering CRS IC from up to the two strongest macro interferers. And specifically for network adopting PCI planning and similar muting pattern at the macro-layer, it could be sufficient to only cancel one dominant macro interferer having colliding CRS with the pico cell.
· For cell detection (PBCH/PSS/SSS demodulation from pico-cells), it is proposed that the UE shall perform CRS/PBCH/PSS/SSS IC of the three strongest interfering macro cells. This is needed to ensure good cell detection performance for all the considered scenarios when assuming synchronized transmission of PBCH/PSS/SSS from macro and pico layers.  
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