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1. Introduction

In this contribution we discuss various aspects related to the Rel-11 WI on Further Enhanced Non-CA Based ICIC for LTE [1]. In particular, we summarize our findings on optimal setting of pico eNB range extension (RE) bias for different cases in order to conclude on the RE values to be further considered. Secondly, we also present updated signal strength statistics as experienced at the input of pico-UEs. The main purpose of presenting such signal level statistics is to provide input for later defining and evaluating appropriate criteria for CRS interference cancellation (IC) at the UE. Finally, the contribution is concluded with summary of our main recommendations based on the presented results.

2. Best Setting of RE for Different Cases
It was earlier decided to further evaluate the benefits of FeICIC according to simulation assumptions in [3]. Purpose of this exercise is both to gain further insight on the general FeICIC performance, as well as to have determined what the required RE bias for co-channel macro+pico scenarios equals for such cases. The required RE bias will later be used for further studying UE CRS interference cancellation (IC) aspects. Note that current LTE releases already support RRC signalling of RE parameter settings in the range from -24 dB to +24 dB (i.e. cellIndividualOffset as defined within measObjectEUTRA) [TS36.331].

In Table 1 we have summarized the best settings of pico eNB RE offset for different cases, depending on assumed path loss models, traffic models, pico eNB transmit power, UE distribution, etc. In this context, the best RE setting is defined as the setting that results in the highest 5%-ile UE throughput performance when assuming Rel-10 UEs with/without CRS IC and use of ABS at macro. The results in Table 1 are summarized based on our results reported in various contributions – see the relevant references included in Table 1.

The following main observations can be drawn from the results in Table 1:

· In general higher RE offset is required for the standard 3GPP macro+pico scenario, as compared to the scenario with ITU UMa and UMi. Note here that 10 meters pico antenna height is assumed for ITU UMa and UMi cases, while 5 meters is assumed for standard 3GPP cases (i.e. in better alignment with typical pico eNB deployments).

· Slightly higher RE bias is useful when the spatial UE distribution is uniform (case 1) as compared to the cases with non-uniform hotspot UE distributions (case 4b and 4a).

· Higher RE bias is typically needed for cases where Picos use 24 dBm as compared to cases with 30 dBm. Cases with 24 dBm should not to be excluded, as it would be also beneficial to have such FeICIC working for such cases. Note that there is local area BS class defined for 24dBm in 3GPP TS36.104.

In conclusion, it seems like a reasonable compromise to further study FeICIC for cases with RE bias of up to 12 dB as also listed in [5]. Assuming even lower RE bias (than 12 dB) will mean losing too much of the FeICIC performance for several cases that are still considered relevant for realistic co-channel macro+pico deployments with FeICIC. 

 Table 1: Summary of best RE settings for different scenarios.
	Scenario
	UE distribution
	Best setting of RE

	Standard full buffer 3GPP HetNet scenario [36.814] with 30dBm pico Tx power, optimal UE CRS IC. See R1-113138 for details.
	4b
1
	14 dB (4/8 ABS)
16 dB (4/8 ABS)

	Standard full buffer 3GPP HetNet scenario [36.814] with 30dBm pico Tx power, non-ideal UE CRS IC. See R1-113138 for details
	4b
	10 dB (2/8 ABS)

	Standard finite buffer 3GPP HetNet scenario [36.814] with 30dBm pico Tx power. See R1-114311 for details.
	4b
	16 dB (4/8 ABS)  (high load)
6~10 dB (0/8 to 1/8 ABS)  (low to medium load)

	HetNet scenario with ITU UMa and UMi models [36.819] with 30 dB pico Tx power. See R1-114313 for details.
	4b – all UEs outdoor
4b – all UEs indoor
1 – all UEs outdoor
1 – all UEs indoor
	10 dB (3/8 ABS)
10 dB (3/8 ABS)
12 dB (3/8 ABS)
12 dB (3/8 ABS)

	Standard full buffer 3GPP HetNet scenario [36.814] with 24dBm pico Tx power, optimal UE CRS IC.
	4b
	18 dB (4/8 ABS)

	HetNet scenario with ITU UMa and UMi models [36.819] with 24 dB pico Tx power. See R1-114313 for details.
	4b
	14 dB (3/8 ABS)


3. Pico-UE Rx Signal Strength Statistics

In [4] we presented basic UE Rx signal strength statistics in the form of showing cumulative distribution functions (cdf) of relative received macro-cell interference at pico-UEs. In this contribution we extend the study and present additional signal strength statistics as input to later defining proper scenarios for cases with UE CRS IC.

In order to further motivate, let us consider the standard co-channel scenario with macro and pico as pictured in Fig. 1. For such cases, the pico-UEs at the very cell-edge and use of high RE bias will experience the most macro-cell interference as compared to received signal strength from their serving pico-cell. To be exact, the RSRP from the macro may be up to RE dB larger than the RSRP from the serving pico-cell. Thus, the pico-UEs in the range extended area are those that would mainly require, and benefit from, UE CRS interference cancellation from macro-cells. Luckily, pico-UEs in the range extended area are also those that have the best conditions for estimating the received CRS from the dominant interfering macro-cells for IC purposes. On the other hand, pico-UEs located in the basic pico coverage area (i.e. coverage area if no RE was applied) experience less strong CRS interference from macros, and therefore also benefit less from applying CRS IC. Similar, the former pico-UEs are also having the most challenging conditions estimating the received macro CRS interference for performing accurate IC.

Results presented hereinafter correspond to the standard 3GPP HetNet scenario in TR 36-814, using the exact same settings as in [4], assuming UE distribution 4b. In coherence with [4], and recommendations in [5], a RE offset of 12 dB is assumed and the ratio ABS/non-ABS subframes is set to 50%. 
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Fig. 1: Simple illustration of co-channel macro+pico scenario with RE for the pico and RSRP cell association.

Given the aforementioned starting point, we present conditional pico-UE Rx signal strength statistics in the following. Statistics for the relative macro-cell signal levels are presented for cases where the strongest received macro-cell RSRP level is certain dBs stronger than the RSRP from its serving pico-cell. In particular, cases with following intervals are considered:

a) All pico UEs

b) Strongest received macro-cell is at least 9 dB stronger than the serving pico-cell

c) Strongest received macro-cell is 6-9 dB stronger than the serving pico-cell.

d) Strongest received macro-cell is 3-6 dB stronger than the serving pico-cell.

e) Strongest received macro-cell is 0-3 dB stronger than the serving pico-cell.

f) Strongest received macro-cell weaker than the serving pico-cell.

Thus, case (b) above corresponds to pico-UEs that are at the pico-cell edge if using high RE, while case (f) corresponds to UEs in the basic pico-cell coverage area (with no RE). Additionally, case (a) includes all pico-UEs and it is used as the reference case. 

In line with the presentation of signal statistics in [4], we present in Figure 2 cdf’s of the relative macro-cell interference at the pico-UEs (related to the strongest received macro-cell interferer). 
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Fig. 2: Relative macro-cell interference statistics at pico-UE. (a) All pico UEs (b) The strongest received macro-cell is at least 9 dB stronger than the serving pico-cell.(c) The strongest received macro-cell is between 6 and 9 dB stronger than the serving pico-cell. (d) The strongest received macro-cell is between 3 and 6dB stronger than the serving pico-cell. (e) The strongest received macro-cell is between 0 and 3dB stronger than the serving pico-cell. (f) The serving pico-cell is stronger than the strongest macro cell. 
The blue line in Figure 2 is the difference between the strongest interfering macro cell and the second one in strength; the green line is the difference between the strongest and the third; and the red line is the difference between the strongest and the fourth. When all pico-UEs are considered (Figure 2 (a)), the average difference between the first two cells is ~10dB. If we consider only users whose strongest received macro-cell is at least 9dB stronger than the serving pico-cell (i.e, users in the pico-cell egde when using high RE), then this difference increases up to 13dB, as it would be expected, since these users are closer to the macro eNB. 11% of the total users are in this area with a macro cell clearly prevailing over the rest of macros. Figures 2 (c) (d) (e) show different intervals for the difference between the strongest macro and the serving pico-cell: 6 to 9dB, 3 to 6dB and 0 to 3dB, respectively. As expected, the differences between the strongest interfering cell and next ones decrease as we consider UEs closer to the serving pico eNB. Finally, Figure 2 (f) plots the center pico UEs (in the pico coverage area of the serving eNB). With 12dB of RE, the percentage of users in this area is 53%. In this case, the user is further from the main interfering macro cell and the relative importance of the secondary interferers increases. 

In Figure 3 the difference in received power between the serving pico-cell and the interfering macros (strongest macro, second in power, ...) is plotted for the intervals defined above. Figure 3 (a) shows all the pico UEs. For a RE of 12dB, the maximum difference RSRPserving_pico -RSRPinterferer_macro- is -12dB, as expected. Users with a lower ratio do camp on the macro cell and are not plotted here. Figure 3 (b) includes users in the cell-edge (RSRPinterferer_macro-RSRPserving_pico > 9dB). These users are far away from the serving pico UE and we observe much smaller differences in power between the pico and the secondary interferers (second, third and forth). In Figures 3 (c), (d), (e) we plot the intervals 6dB-9dB, 3dB-6dB and 0dB-3dB, respectively. As expected, as users get closer to the serving pico-eNB, the difference in received power between the pico and the interferers increases. Finally, Figure 3 (f) plots the center users, with the pico cell  prevailing over the rest of macros. 
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Fig. 3: Relative pico-interfering macro statistics at pico-UE. (a) All pico UEs (b) The strongest received macro-cell is at least 9 dB stronger than the serving pico-cell.(c) The strongest received macro-cell is between 6 and 9 dB stronger than the serving pico-cell. (d) The strongest received macro-cell is between 3 and 6dB stronger than the serving pico-cell. (e) The strongest received macro-cell is between 0 and 3dB stronger than the serving pico-cell. (f) The serving pico-cell is stronger than the strongest macro cell. 

From the statistics above, it can be concluded that the location of the UE has a relative influence on the selection of the suitable number of cancelled macros. Thus, users closer to a macro (scenario with high RE bias), may obtain good performance by cancelling only the strongest macro, since the rest of interferers arefurther. On the other hand, the interference received by users closer to a pico is more uniform (Figure 2)but at the same time the signal received from the serving pico eNB is much stronger (Figure 3)With the latter prevailing (the mean difference between the serving pico and the strongest interferer is already ~9dB) they are not severely affected by CRS interference. 
4. Performance results with non-ideal CRS IC

In [4] we presented various FeICIC performance results for cases with non-ideal UE CRS IC, by cancelling a fixed number of macro cells, the same for all users. In view of the results in Section 2, it seems convenient to define a criterion for cancelling macro cells based on the received interference at the pico UE. Thus, the UE may cancel the interferer only when the ratio RSRPinterferer/RSRPserving_pico is above a threshold TH. Moreover, for the cancelled cells the interference is suppressed by X dB. Thus, setting the threshold TH= -∞ and X=∞ corresponds to ideal CRS interference cancellation from all macro-cells during ABS.
Applying this criterion, we first show in Figure 4 the percentage of pico-UEs cancelling N cells (N=0,1,2,3) for three different thresholds: 3dB, 0dB and -3dB. For thresholds of 3dB only cells of at least double received power than the serving pico would be cancelled, while for 0dB the macro interference to be cancelled will be higher or equal than the pico. Figure 4 plots three groups of users: all pico users, cell-edge users and center users. When the threshold is small (-3dB) more interfering-cells are cancelled. Moreover, in coherence with Figures 2 and 3 users at the cell-edge do cancel at least one cell, the strongest macro cell, while most center users do not cancel any cell, since the power received from the pico-eNB is much higher than any interferer. When all pico-UEs are considered, we find up to 65% of users not cancelling any cell for a threshold of 3dB, and 42% if the threshold goes down to -3dB. The major contributor to these percentages is center users, representing 50% of the total number of pico users. Finally, it is worth mentioning that for positive thresholds (TH>=0dB) the percentage of users cancelling 4 or more macros is negligible even for cell-edge users.
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Figure 4. Percentage of pico-UEs cancelling N interfering cells (N=0, 1, 2, 3) for three different thresholds, TH = 3dB, TH=0dB and TH = -3dB

It is worth noting that no signalling between eNB and pico-UE is needed to assist this CRS IC criterion: the UE blindly detects and cancels the interfering cells fulfilling RSRPinterferer/RSRPserving_pico >TH based on its RSRP measures. In principle, the UE does not know which cells are macro and some of the suppressed interferers may actually be a pico. The probability of this to happen is not negligible: in Table 2, we show the probability of X to be a pico cell, where X can be the strongest, the two strongest or the three strongest interferers. For 10% of the pico-UEs the main interference comes from a pico eNB (corresponding to one of the other hotspots in the macro area). Nonetheless, this probability comes down to almost 0% if only cell-edge UEs are considered. For center UEs, the probability is 18% but, according to Figure 4, most center pico-UEs do not cancel any interfering cell anyway. 

    Table 2: Probability of having pico cells among the strongest interferers

	All pico UEs
	Cell-edge UEs
	Center UEs

	X interferer
	Probability of X being a pico eNB
	X interferer
	Probability of X being a pico eNB
	X interferer
	Probability of X being a pico eNB

	The strongest
	9.65%
	The strongest
	0.08%
	The strongest
	18.08%

	The two strongest
	1.48%
	The two strongest
	0%
	The two strongest
	2.77%

	The three strongest
	0.24%
	The three strongest
	0%
	The three strongest
	0.45%


In Figure 5, we present the performance gain obtained with non-ideal CRS IC based on RSRP measures. The gain is reported relative to the case with no-eICIC and no range extension. Figure 5 (a) plots the 5%-ile throughput gain and Figure 5 (b) the 50%-ile throughput gain for the whole network (including macro and pico UEs). X is set to 0 dB (no CRS cancellation), 10dB, 20dB and ∞ dB and TH is set to -∞ dB, -3dB, 0dB and +3dB. We can observe the degradation impact of the CRS interference on cell edge user’s performance (X=0dB). Observing cell-edge users, non-ideal CRS IC can still obtain a significant gain (up to 76% with a threshold of -3dB compared to the 80% of the ideal case). Moreover, the RSRP-based cancellation is not very sensitive to the threshold, with a loose in gain of only 3% if the threshold moves from -3dB to +3dB. The 50%-ile throughput gain is more sensitive to non-ideal CRS IC, with a loose in gain of up to 14% (from 58% of the ideal case to 44% for X=10dB and TH=3dB), due to the difficulties of  users located far from the macro in estimating the CRS interference. 
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Figure 5. System performance gain in %-ile user throughput for non-ideal CRS IC. Performance gain is reported relative to no-eICIC without RE. (a) 5%-ile (b) 50%-ile
5. Concluding remarks

In this contribution we have summarized our findings on optimal RE offset settings for a variety of different scenarios with different parameters settings. In conclusion, it seems like a reasonable compromise to further study FeICIC for cases with RE bias of up to 12 dB as also listed in [5]. Restricting the Rel-11 FeICIC studies to even lower RE bias (than 12 dB) will mean losing too much of the FeICIC performance for several cases that are still considered relevant for realistic co-channel macro+pico deployments with FeICIC.

Secondly, we have presented extensive pico-UE Rx signal strength statistics as input to later defining appropriate conditions for further study of UE CRS IC. For users in the cell-edge the strongest macro clearly prevails over the rest of interferers, as well as the ratio RSRPserving pico/RSRPinterferer macro Good performance is obtained with most users cancelling only one cell but of course the more interferers are cancelled, the better the performance. For center users, the interference is more uniform but at the same time the signal received from the serving pico eNB is much stronger. With the latter prevailing, the CRS interference cancelling is not really needed for these users
Finally, we have shown performance results of non-ideal CRS IC where the number of cancelled macro cells depends on the received interference at the pico UE. The interferer is cancelled whenever the ratio RSRPinterferer/RSRPserving_pico is above a threshold (the interferer strong enough to be suppressed). The results show that there is still a significant gain in the 5%-ile in the order of 75% compared to the 80% of the ideal case. No extra signalling between the eNB and the pico-UEs is needed to assist this CRS IC method. 
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