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1. Introduction
System performance evaluations on eICIC with ABS for macro-pico deployments have typically been conducted under an assumption of no CRS interference impact on e.g. users operating in cell range expansion zones. In order to evaluate eICIC under more realistic assumptions, baseline assumptions for FeICIC system simulations of macro-pico deployments were agreed during RAN1#66 and captured in [1]. 
In this contribution, we discuss aspects on cell range expansion and evaluate impacts of CRS interference on the system performance under different assumptions on UE receiver’s capability of mitigating such interference.
2. Discussion
Simulation assumptions and ABS configurations
Table 1 summarizes the system simulation scope to be considered for FeICIC evaluations in this contribution, with system simulation baseline parameters for macro-pico deployments in accordance with table A.1-1 in TR36.819 and section A.2.1 in TR36.814. In all simulation results presented in this contribution, same CSO will be applied to all pico cells and all macro cells use the same static blanking/ABS pattern. The static blanking/ABS ratios are optimized for each considered scenario, corresponding to a genie guided ratio determination operation that may be considered to give an upper bound on the performance of ABS.
Table 1 Simulation cases/scenarios for FeICIC system performance evaluations
	Channel model for Macro to UE

	Configuration for placing picos/UEs

	Traffic models
	Range of cell selection offsets (CSO) [dB]
	UE receiver assumptions

	ITU based and 3GPP Model-1
	Config 1 and 4b, with 4 picos per macro cell
	Non-full buffer (FTP Model 1) 
	0, 6, 12, 18
	No CRS cancellation
CRS cancellation


We will in these evaluations consider proportional fair scheduling and two non-full buffer cases:

· A low loaded system corresponding to an average resource utilization on the macro layer of around 10% for system simulations using the ITU based channel model.
· A high loaded system corresponding to an average resource utilization on the macro layer of around 50% for system simulations using the ITU based channel model
In simulations with 3GPP Model-1, the offered traffic is selected such that similar resource utilization at the macro layer, is obtained as for the ITU based channel model.
Furthermore, TM4 is considered and realistic channel estimation is always considered for serving cell channels. Impacts of CRS-to-CRS collisions have been modeled by determining, via link level simulations, their contribution to an effective signal-to-noise-and-interference ratio (SINR), which was then mapped to throughput using existing link performance curves. It was found that a simple and fairly accurate model for the effective SINR was to obtain its inverse as the sum of the inverse of the SNR and (for each interferer) a term that is essentially proportional to the inverse of the SINR, with the factor of proportionality being empirically determined.
Pico cell associations in the different scenarios

The purpose of cell range expansion is to increase the up take area of pico cells in order to improve the off-loading of the macro cells and hence achieve larger cell splitting gains. By adding a (non-negative) cell selection offset (CSO) the up take area of the pico cells will evidently increase and more users within the macro coverage area would be served by picos. Table 2 depicts the percentage of users served by the picos in a case with 4 picos deployed per macro cell. From this table, it is evident that the pico up take areas with ITU based channel modeling is much larger than for the 3GPP Model-1, and in the case of no cell range expansion (CSO = 0) it can be observed that more than 70% of the users are associated with picos assuming ITU based channel modeling and Config 4b. The value in the parentheses corresponds to using a 12 degree macro antenna tilt also for the 3GPP Model-1. As expected, the pico up takes are reduced, and thus the tilt is a simulation parameter that highly impacts the cell associations. It can however be noted that the impact of the tilt reduces with excessive CSO.
Table 2 Percentage of users associated with a pico cell 

	
	CSO = 0 dB
	CSO = 6 dB
	CSO = 12 dB
	CSO = 18 dB

	Config 1, Model-1
	27% (18%)
	42% (33%)
	59% (51%)
	74% (70%)

	Config 4b, Model-1
	44% (36%)
	60% (53%)
	74% (69%)
	86% (84%)

	Config 1, ITU
	55%
	65%
	75%
	84%

	Config 4b, ITU
	72%
	82%
	89%
	93%


FeICIC evaluations without any CRS interference 
As a baseline, we will in this section investigate the system performance of FeICIC under the assumption that UE receivers are capable of perfectly cancelling, or suppressing, all CRS interference from all neighbor cells.
Tables 3 and 4 depict the 5th percentile user throughputs with non-full buffer simulations with low and high system loads, respectively. The performance with optimized ABS ratios is compared to not using ABS, including a case of reducing the macro transmit power to 30dBm, i.e. same transmit power as the picos. From these tables, we make the following observations:
Observation 1: ABS can provide small gains in the high loaded non-full buffer scenario
Observation 2: Superior “HetNet” system performance gains are achieved by reducing the macro output power, as indicated from the results with no ABS and 1W macros.
From Observation 1, we conclude that for non-full buffer traffic models, there are no or limited system performance gains with ABS. Another interesting conclusion from these observations is that in interference limited scenarios reducing macro data interference either by moving the macro traffic to the pico cells via excessive cell range expansion or simply by reducing the macro transmit power is beneficial from a system performance perspective. However, in a real network reducing the output power of the macros is in general a bad idea as there will in most real-life deployments be users with poor coverage. Hence, as long as HetNet scenarios do not capture situations with coverage limited users, or deployments where macros with high transmit powers are needed, it seems difficult to conclude on benefits with cell range expansion. This leads us to observation 3:
Observation 3: Difficult to conclude on benefits with cell range expansion from the agreed purely interference limited scenarios, when reducing macro output power to 1W outperforms ABS with zero power on unicast channels, knowing that macro power reduction in real-life deployments with coverage limited users is usually not a particularly good idea.
Table 5 shows the relative 5th percentile user throughputs of ABS of reduced (but non-zero) transmit power on the DL unicast channels, i.e. non-blank subframes, in which the transmit power of a macro on the data is reduced with the same amount as the CSO. For example, with a 46 dBm macro and CSO = 12 dB, the transmit power on the data would be 34 dBm. As in tables 3 and table 4, ABS ratios are optimized for each scenario and the performance is compared to not using ABS. By comparing table 5 with tables 3 and 4 it is evident that significant performance gains can be obtained by transmitting PDSCH with reduced power in ABS, in particular at high loads. Hence, by transmitting PDSCH with reduced power in ABS, macro users with good radio conditions can be “off-loaded” from non-ABS subframes, resulting in improved user throughputs. It can also be noticed that user throughputs using ABS with “non-blank subframes” outperforms user throughputs with “No ABS”.
Conclusion 1: Reduced (but non-zero) transmit power PDSCH transmissions in ABS improves the system performance significantly in comparisons with no PDSCH transmission in ABS.
Table 3 5th percentile user throughputs, percentage numbers with respect to “No ABS” 
	
	Low loaded system

	
	ABS “blank subframes”
	No ABS & 1W Macro
	No ABS [Mpbs]

	CSO [dB]
	0
	6
	12
	18
	0
	6

	Model-1, Config 1
	-17%
	-30%
	-28%
	-30%
	33%
	8.6

	Model-1, Config 4b
	-20%
	-32%
	-29%
	-28%
	9%
	13.8

	ITU, Config 1
	-30%
	-27%
	-32%
	-25%
	16%
	19.9

	ITU, Config 4b
	-1%
	-4%
	-4%
	-1%
	15%
	19.8


Table 4 5th percentile user throughputs, percentage numbers with respect to “No ABS”
	
	High loaded system

	
	ABS “blank subframes”
	No ABS & 1W Macro
	No ABS [Mpbs]

	CSO [dB]
	0
	6
	12
	18
	0
	6

	Model-1, Config 1
	-51%
	-32%
	-16%
	-22%
	78%
	3.7

	Model-1, Config 4b
	-52%
	-17%
	7%
	-28%
	98%
	4.2

	ITU, Config 1
	-60%
	-31%
	-31%
	-25%
	63%
	4.8

	ITU, Config 4b
	-19%
	-4%
	4%
	0%
	54%
	5.2


Table 5 Percentage numbers with respect to “No ABS” (5th percentile user throughputs in table 2 and 3)
	
	ABS “non-blank subframes”

	
	Low loaded system
	High loaded system

	CSO [dB]
	0
	6
	12
	18
	0
	6
	12
	18

	Model-1, Config 1
	37%
	36%
	33%
	27%
	-5%
	49%
	78%
	73%

	Model-1, Config 4b 
	25%
	22%
	12%
	3%
	-14%
	50%
	98%
	107%

	ITU, Config 1
	31%
	26%
	18%
	14%
	-15%
	40%
	73%
	67%

	ITU, Config 4b
	42%
	29%
	28%
	19%
	-4%
	52%
	75%
	62%


FeICIC evaluations with CRS interference modeling and ideal IC
In this section, CRS interference is taken into account for a deployment with a planned macro cell ID layout (in a reuse 3 fashion) and a pico layer with randomly selected cell IDs. The performance comparisons refer herein to no CRS cancellation versus ideal CRS cancellation of the strongest neighbor cell. ABS with zero transmit power on the PDSCH has been used.
Figures 1 to 4 depict the impact of CRS interference on the cell edge user throughputs for the considered scenarios. From these figures, we can observe that CRS interference has large degradation impact on cell edge user’s performance and cancelling CRS interference from the strongest neighbor cell can improve the performance significantly, in particular at high loads and CSO > 0 dB.  Cancelling the second strongest neighbor as well would further improve the performance somewhat but most of the gains with IC of CRS interference are achieved by cancelling the CRS from the strongest neighbor cell. Exact gains of cancelling “weak” interferers need to be further evaluated using more accurate non-ideal IC models and considering impairments. 
Conclusion 2: Suppressing CRS interference from strongest neighbor cell can significantly improve the cell edge user’s throughput performance, in particular in the high loaded non-full buffer scenarios.
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Figure 1 No IC vs. IC of strongest neighbor in the case of 3GPP Model-1 and Config 1.
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Figure 2 No IC vs. IC of strongest neighbor in the case of 3GPP Model-1 and Config 4b.
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Figure 3 No IC vs. IC of strongest neighbor in the case of ITU and Config 1.
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Figure 4 No IC vs. IC of strongest neighbor in the case of ITU and Config 4b
Link level performance of non-ideal CRS interference cancellation

The previous system level results where all assuming that the interference cancellation is ideal in the sense that the interference canceller manages to completely remove the CRS interferers it targets for removal. This is of course not the case in practice. With non-ideal IC there will always be some residual interference left even after cancellation. To get a feeling for how successful IC might be in a more realistic situation, link level simulations comparing ideal IC and non-ideal IC in the presence of one CRS interferer giving C/I = -12dB were conducted. The transmission rank was fixed to 1 and the channel was assumed to be EPA with 5 Hz Doppler, giving favorable conditions for IC operations. The case of non-shifted CRS was evaluated and the results are shown in Figure 5. As seen, even with IC the interference is far from removed and the performance is considerably worse than when there is no CRS interference (corresponding to ideal IC). Preliminary investigations indicate that CRS interference with a different shift than the serving cell might stand a better chance of being mitigated. 

Observation 4: Performance difference between ideal IC and non-ideal IC can be large even for rather IC-friendly flat channels with low Doppler.
Needless to say, cancelling more than one interferer is expected to show even larger performance difference between ideal IC and non-ideal IC. The link level results indicate that it will be especially difficult to reach the performance of the higher CSO levels in the previously presented system level results for complete and ideal cancellation. Keeping the CSO level at a reasonable level therefore appears important to maintain an efficient system operation in practice. 
[image: image9.emf]-10 -5 0 5 10 15 20

0

5

10

15

20

SNR (dB)

Throughput (Mb/s)

 

 

Ideal IC (no CRS interference)

Non-Ideal IC, C/I = -12 dB


Figure 5: Ideal IC compared with non-ideal IC for non-shifted CRS with C/I = -12 dB.

3. Conclusion
In this contribution, we discussed aspects on cell range expansion and evaluated system performance impact of CRS interference. The following observations and conclusions were made:
Observation 1: ABS can provide small gains in the high loaded non-full buffer scenario

Observation 2: Superior “HetNet” system performance gains are achieved by reducing the macro output power, as indicated from the results with no ABS and 1W macros.

Observation 3: Difficult to conclude on benefits with cell range expansion from the agreed purely interference limited scenarios, when reducing macro output power to 1W outperforms ABS with zero power on unicast channels, knowing that macro power reduction in real-life deployments with coverage limited users is usually not a particularly good idea.
Observation 4: Performance difference between ideal IC and non-ideal IC can be large even for rather IC-friendly flat channels with low Doppler.
Conclusion 1: Reduced (but non-zero) transmit power PDSCH transmissions in ABS improves the system performance significantly in comparisons with no PDSCH transmission in ABS.

Conclusion 2: Suppressing CRS interference from strongest neighbor cell can significantly improve the cell edge user’s throughput performance, in particular in the high loaded non-full buffer scenarios.
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5. Appendix

Figures 6 to 9 depict the impact of CRS interference on the cell edge user throughputs in the case of ABS with reduced (but non-zero) transmit power on the PDSCH transmissions. As concluded in section 2.4, CRS interference has large degradation impact on cell edge user’s performance and cancelling CRS interference from the strongest neighbor cell can improve the performance significantly, in particularly in the high loaded scenario.
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Figure 6 No IC vs. IC of strongest neighbor in the case of 3GPP Model-1 and Config 1.
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Figure 7 No IC vs. IC of strongest neighbor in the case of 3GPP Model-1 and Config 4b.
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Figure 8 No IC vs. IC of strongest neighbor in the case of ITU and Config 1.
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Figure 9 No IC vs. IC of strongest neighbor in the case of ITU and Config 4b.
� Simulations based on 3GPP Model-1 use a macro antenna tilt of 15 degrees whereas simulations for the ITU based channel model use a macro antenna tilt of 12 degrees. All picos use 0 degree tilt. The macro ISD is 500 m.


� Simulations based on 3GPP Model-1 drop all users indoor whereas all users are dropped outdoor in the case of the ITU based channel model. All picos are placed outdoor and the transmit power of a pico is herein considered to be 30dBm (2x0.5W).





