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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 address aspects related to further TDM eICIC performance depending on assumptions for UE CRS interference cancellation from ABS. The presented eICIC performance results are in line with simulation assumptions in [2]-[3]. In summary, the results show promising eICIC performance gains also for cases where pico-UE CRS interference cancellation from macro ABS is only performed for few cells. 
The rest of the contribution is organized as follows: In Section 2 we outline the simulation methodology and assumptions, while the corresponding performance results are presented in Section 3. Concluding remarks are summarized in Section 4.
2. Simulation methodology
Co-channel macro + pico scenario 4b as defined in [2] is simulated. A quasi-dynamic system level simulator is used, including explicit simulation of major RRM algorithms. Mainly the downlink is simulated. For scenarios with TDM eICIC enabled, we assume a perfectly synchronized network, where all macro eNBs use the same ABS muting pattern. In reality, ABS does include in transmission of CRS and potentially also channels such as BCH, PSS, SSS, and PCH, depending on the sub-frame number. The effect of interference from BCH, PSS, and SSS during ABS can be handled by not configuring subframes where those channels appears as ABS, as well as by using time-shifts between the macro and pico layer to avoid, or minimize, the probability of experiencing collisions of those channels between layers. The interference from CRS does, however, appear in every ABS. In order to quantify the effect of CRS interference from ABS, the following assumptions on UE CRS interference cancellation are made:

· Pico-UEs are assumed to apply CRS interference cancellation from the macro layer during subframes where the macro uses ABS.

· Pico-UEs detect the N strongest interfering macro-cells, and suppress the CRS interference from those cells by X dB. Thus, setting N and X to infinity corresponds to ideal CRS interference cancellation from all macro-cells using ABS.

In our system level simulator, the simulation resolution is one subframe (time-step) and one subcarrier (freq domain resolution). Assuming 2x2 MIMO, the CRS overhead is approximately 9%, and thus corresponds to average power level of roughly -10 dB, as compared to normal transmission. Thus, we basically adopt Alternative 2 from [3].
Serving cell selection is based on RSRP UE measurements. However, for Pico cells, an additional range extension (RE) offset is applied to further increase the offload from macro to pico for cases where this is possible. Pico-UEs are configured to report separate CSI for subframes where macro transmits ABS and normal subframes, respectively. Other main simulation parameters are summarized in Table 1. Note here that the path loss model is according to the HetNet models used in Rel-10 according to TR 3GPP 36.814 [2].
Table 1: Summary of default simulation assumptions.
	Parameter
	Setting

	Network Layout
	500m macro-layer Inter-Site Distance with 4 pico-eNBs per macro-cell

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

	Total number of UEs in the network
	630

	UE placement
	2/3 UEs inside the hotspots; the remaining UEs are uniformly distributed within the macro-cell area.

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

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

	Modulation and coding schemes
	QPSK (1/5 to ¾), 16-QAM (2/5 to 5/6), 64-QAM (3/5 to 9/10)

	1st transmission block error rate target
	10%

	HARQ modelling
	Ideal chase combining with maximum 4 transmissions

	Bandwidth
	10 MHz at 2000 MHz frequency

	MIMO & Receiver assumption
	2 x 2 with rank adaptation and MMSE-Option1 receiver

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

	Antenna pattern
	Macro: 3D ‎[15]; Pico and UE: Omni

	Traffic model
	Full buffer, full load

	Path loss
	Macro-eNB to UE: 128.1+37.6·log10(R[km])
Pico-eNB to UE: 140.7+36.7·log10(R[km])

	Shadow fading
	Lognormal. Std=10 dB for pico-eNB to UE links, 8 dB for Macro-eNB to UE links

	eNB packet scheduling
	Proportional Fair (PF)

	ABS muting ratio
	Same for all macro-eNBs, 0/8 to 6/8


3. Simulation results
In the following we present various TDM eICIC performance results. First, results are presented for cases with ideal UE CRS interference cancellation from ABS, which essentially corresponds to cases where pico-UEs experience no interference from ABS. Secondly, we present detailed simulation results for cases with non-ideal CRS interference cancellation in order to quantify how the TDM eICIC varies depending on UE receivers capability of suppressing CRS interference from ABS.
Performance with ideal CRS interference cancellation from ABS:
A set of simulations are conducted for different settings of the RE offset for picos, using different ABS muting patterns at the macro-eNBs. The 5%-ile user throughput performance from those simulations is summarized in Fig. 1. Here the dashed black line illustrates the performance for macro-only, i.e. for cases where the picos are off. As discussed extensively during the Rel-10 eICIC work, the RE offset for the picos can in practice only be few decibels if there is no eICIC (i.e. without ABS). Thus, we assume that a maximum RE offset of 3 dB can be applied there are no ABS at the macro-layer. For the scenarios with ABS enabled, the results in Fig. 1 show that the optimum configuration is to use ABS on 50% of the subframes and 14 dB RE offset for the picos. Using this configuration, 79% of the UEs are served by the picos.
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Fig.1: Performance versus RE offset for different ABS muting patterns.
The performance of TDM eICIC (vs no eICIC) is further summarized in Fig. 2 for different UE distributions. Here the standard 3GPP cases 4b (67% of UEs in hotspot), 4a (40% of UEs in hotspots), and 1 (no hotspot UEs) are simulated. It can be observed from Fig. 2 that the TDM eICIC performance gain is fairly stable for the three considered UE distributions, although the absolute performance naturally varies, with best performance if there is high percentage of UEs in the hotspot area around the picos. The TDM eICIC performance gain of ~80% in the 5%-ile throughput is considered to be a significant. The gain in the 50%-ile UE throughput is on the same order of magnitude, although not presented here. But, recall here that those results are under the assumption of ideal CRS interference cancellation from ABS.
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Fig. 2: Performance with/without TDM eICIC for different spatial UE distributions.

Performance with non-ideal CRS interference cancellation from ABS:
In the following we present TDM eICIC results for cases with non-ideal UE CRS interference cancellation from macro-cells transmitting ABS. In line with the outlined modelling assumptions in Section 2, we focus on investigating from how many macro cells (parameter N) the pico-UEs shall suppress CRS interference, as well as how large that interference cancellation be shall in order to maintain attractive TDM eICIC performance (parameter X). Unless otherwise mentioned, we focus on the case with 4 picos, scenario 4b, 50% ABS at the macros, and 14 dB RE for the picos. Fig. 3 shows the macro-cell received signal power statistics for pico-UEs. The cumulative distribution function of the experienced difference between the strongest received macro-cell and the 2nd strongest, 3rd strongest, and 4th strongest macro cell at the pico-UE is plotted.. Worth observing here is that there is approximately 10 dB difference between the strongest and second strongest received macro-cell interference level at the pico-UEs. This means that if the UE is able to just cancel the CRS interference from the strongest received macro-cell, the majority of the experienced macro-cell ABS interference is removed. On average, the 3rd and 4th strongest macro-cell interference is approximately 14 dB and 18 dB weaker than the strongest received macro-cell, respectively.
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Fig. 3: Received macro-cell signal power statistics at pico-UEs relative to the strongest received macro-cell.
Fig. 4 shows the eICIC performance gain in 5%-ile experience user throughput for different degrees of CRS interference cancellation from macro ABS. The performance gain is reported relative to no eICIC without RE. In coherence with Fig. 2, the eICIC performance gain equals 82% for case with ideal CRS interference cancellation from macro ABS, i.e for cases where N and X approaches infinity. For cases without CRS interference cancellation from macro ABS (i.e. for N=0 and/or X=0) then the eICIC drops to approximately 42%. With CRS interference suppression of X=10 dB from just the most dominant macro cell with ABS (N=1), the eICIC gain increases to 60%. If the CRS interference is suppressed by X=10 dB from the N=3 strongest macro cells, the eICIC gains equals roughly 75%, and hence is fairly close to performance with ideal CRS interference cancellation. Thus, from these results it is observed that attractive eICIC gains are obtainable also with non-ideal CRS UE interference suppression from macro ABS transmissions. Suppressing the CRS interference from N=1-3 strongest macro cells seems to be sufficient. The latter conclusion matches well with the signal level statistics presented in Fig. 3.
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Fig. 4: eICIC performance gain in 5%-ile experience user throughput for different degrees of CRS interference cancellation from macro ABS. Performance gain is reported relative to no eICIC without RE.

Fig. 5 shows the eICIC performance gain in 50%-ile experience user throughput for different degrees of CRS interference cancellation from macro ABS. The overall trends are the same as reported in Fig. 4 for the eICIC gain in the 5%-ile throughput, although it seems more important for the gain in 50%-ile throughout to have N=3.
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Fig. 5: eICIC performance gain in 50%-ile experience user throughput for different degrees of CRS interference cancellation from macro ABS. Performance gain is reported relative to no eICIC without RE.
As a last remark on the presented performance results with non-ideal CRS interference cancellation, it should be noted that the assumed RE=14 dB and 50% ABS muting ratio is only optimum for the case with ideal CRS interference cancellation. Hence, with non-ideal CRS interference cancellation the optimal setting of the eICIC parameters changes slightly. This is further illustrated in Fig. 6, where the performance of eICIC (i.e. 5%-ile UE throughput) is plotted for different RE offsets with ideal and non-ideal CRS interference cancellation. The parameter setting for the cases with non-ideal CRS interference cancellation is N=3 and X=10 dB. It is observed from Fig. 6 that the optimal setting for non-ideal CRS interference cancellation case is ABS in 2 out of 8 subframes with 10 dB RE, while the best setting is ABS in 4 out of 8 subframes and 14 dB RE if ideal CRS interference cancellation is assumed. However, the performance for the two aforementioned parameter settings is fairly close.
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Fig. 6: eICIC performance (measured by 5%-ile UE throughput) with ideal and non-ideal CRS interference cancellation.

4. Modelling of non-ideal CRS cancellation

As CRS interference cancellation heavily depends on the channel estimation of the interfering CRS, different channel estimators and interference powers can lead to different CRS interference cancellation results. If CRS interference is on PDSCH REs, then the LLRs calculated on those REs are also biased. CRS interference can also lead to incorrect estimation of noise variance. A detailed modelling methodology that includes all those and other considerations will provide further refinements to the performance figures that may can help reach conclusions and provide useful guidance for further study in RAN4. Note that in this contribution we assume a number (in dB) for CRS cancellation ratio for the top 1, 2, 3, 4 and 5 interfering CRS, and obtain the corresponding simulation results. 
5. Concluding remarks
In this contribution we have presented extensive TDM eICIC performance results for co-channel macro+pico scenarios, assuming 4 picos per macro cell area. The HetNet scenario assumption is according to 3GPP TR 36.814 [2]. The presented performance results with no interference from ABS (i.e. assuming UE receivers with ideal CRS interference cancellation from ABS) show attractive gains. For such cases, the eICIC performance gain is on the order of ~80% in higher experienced end-user throughput. Without CRS interference cancellation support the eICIC gain drops to ~40%.
The presented received signal statistics at pico-UEs shows that the strongest received macro cell is roughly 10 dB stronger than the second strongest received macro cell. Hence, indicating that cancelling just the strongest macro cell interference helps significantly reduce the overall experienced interference level. The presented results therefore shows attractive eICIC performance gains if UEs are just able to suppress the CRS interference from the N=3 strongest macro cells when those transmit ABS. Suppressing the CRS interference by 10 dB appears to be sufficient, given the considered simulation assumptions. Here the 10 dB CRS suppression correspond to removing 90% of the CRS interference from those N macro cells. It should be noted that the recommended values of N and X here have only been studied for cases with 4 picos per macro cell area, considering certain settings of the pico eNB RE offset. Thus, the studies shall be repeated also for other cases before fixing the recommendations for N and X.
It is worth noticing here that in this study we have only assumed CRS interference cancellation by the pico-UEs from a subset of the macro-cells when those transmit ABS. However, if the CRS interference cancellation from those cells is extended to also apply when the macro cells have normal transmissions (non-ABS), the overall systems performance from having such enhanced receivers may even be higher. The latter is considered to be FFS. Secondly, it should be noted that as the CRS interference cancellation is for the macro-cells, the UE would in principle need to know which cells are macro. It is therefore recommended to have further studied if additional eNB-2.-UE signalling is required to assist such CRS interference cancellation schemes, or whether the pico-connected UEs will be able to “auto-detect” the strongest interfering macro-cells simply by blindly detecting the strongest interfering cells. Details are FFS.
In summary, we propose the following:

· RAN1 shall further investigate the requirements for UE CRS interference suppression with eICIC. Our presented results in this contribution indicate that it is sufficient to have CRS interference cancellation from the N=3 strongest macro cells, if the interference is suppressed by 10 dB.
· Given the considered scenario, we propose to consider RE offset values of up to approximately 14 dB in further studies of eICIC improvements.

· RAN1 shall further study if having the pico-UEs cancel CRS interference from the N dominant macro cells requires new eNB-2-UE signalling.

· RAN1 shall discuss if UE CRS interference cancellation from the N strongest macro-cells shall be mandated for all subframes, or whether it is sufficient to perform CRS interference cancellation from ABS’s. 
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