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1 Introduction

In RAN#47, it was agreed to investigate Rel-8/9 compatible enhanced inter-cell interference coordination (eICIC) schemes for heterogeneous networks (HetNets) [1]. Two basic scenarios for heterogeneous networks were identified: networks consisting of Macro eNBs and closed subscriber group (CSG) Home eNBs, and networks consisting of MeNBs and open subscriber group Pico eNBs with range extension. The potential benefits of range extension for Pico eNBs in terms of system spectral efficiency gains and how much the Rel-8/9 downlink control channel (PDCCH, PCFICH, etc.) performance is affected are currently under discussion in RAN1. 
In this contribution, we investigate the Macro/Pico scenario evaluating how the interaction of range extension, Macro eNB power reduction and frequency resource allocation on component carrier level (based on carrier aggregation) affect the overall HetNet performance. The evaluation has been performed by means of detailed system level simulations with accurate interference and error models for PDCCH and PDSCH. In order to analyze the impact of frequency domain eICIC on PDCCH and PDSCH performance, we used carrier aggregation (CA) with two component carriers (CCs). A companion contribution addressing time domain eICIC for HetNets without carrier aggregation is given in [2].
2 Discussion on Effects of Systems Parameter Settings
Different system settings affect the UE throughput performance in the investigated heterogeneous networks consisting of Macro and Pico eNBs. In the following we provide a short description of the considered system parameters and the expected interactions and performance impacts. 
2.1 Range Extension Bias
Range extension (RE) describes a technique used to increase the number of UEs associated to Pico eNB in order to benefit from load balancing in the network. The basic idea is to introduce a bias in the cell selection based on reference signal received power (RSRP). According to [3] the according cell selection is given by 

Cell_ID = argmax{i} {RSRPi + biasi},

where Cell_ID is the ID of the selected eNB, RSRPi is the reference signal received power of eNB (Macro or Pico) i,in dBm, and biasi is the bias setting in dB for eNB i. The bias values for all Macro eNBs are set to zero, and the bias values for all Pico eNBs can have different settings, but all Pico eNBs have the same setting in a single configuration.

The overall impact of range extension on the system performance is strongly determined by the allocation of resources to Pico and Macro eNBs and the UE distribution in the scenario. In case of reusing the same resources for Pico and Macro eNBs, UEs making use of range extension can experience severe interference conditions since the signal from the associated Pico eNB can be significantly weaker than the signals from interfering Macro eNBs. This is especially critical for the reception of downlink control channels (i.e. PDCCH, PCFICH, etc.). 
2.2 Macro eNB Power Reduction

Previous RAN 1 contributions (e.g. [4]) suggested that reducing the Macro eNB transmission power (de-boosting) has from UE association point of view a similar effect as using range extension biases. If the UE association is based on reference signal receive power (RSRP), the Macro eNB transmission power reduction effectively increases the Pico eNB cell (hotzone) size. In contrast to the use of range extension bias settings, less impact on the control channel performance is expected since the average received signal power will most of the time be larger than the interference power due to the RSRP based cell selection.
2.3 Frequency Allocation Pattern

As a rule of thumb, it can be assumed that the amount of resources (here component carriers) should be approximately proportional to the number of UEs served by an eNB in order to provide fairness in terms of UE throughput in the HetNet scenario. 
Carrier aggregation (CA) with two component carriers (CC) without cross-carrier scheduling is assumed in this contribution. Following fixed component carrier allocation patterns for Macro and Pico eNBs are evaluated (Figure 1):
· Full Overlap (FO) :
All Macro eNBs operate on both component carrier (CC1 and CC2), and all Pico eNBs operate on both component carriers (CC1 and CC2)

· Partial overlap (PO) :
All Macro eNBs operate on a single component carrier (CC1), and all Pico eNBs operate on both component carriers (CC1 and CC2)

· No Overlap (NO) :
All Macro eNBs operate on a single component carrier (CC1), and all Pico eNBs operate on a single component carrier orthogonal to the Macro eNB component carrier (CC2)
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Figure 1: Frequency (component carrier) allocation schemes 

The component carrier allocation patterns described above correspond to the FDM configurations discussed in [4].

3 Simulation Study

3.1 Parameter Settings
The ITU Urban Macro (UMa) channel model (pathloss and small-scale fading) has been used for both Macro and Pico eNB cells. All eNBs (both Macro and Pico) are time synchronized and the control region size within a subframe is fixed to three OFDM symbols for all cells which results in sparse utilization of control region elements (CCEs). This means that the control regions of all cells in the system fully overlap.
Full transmission buffers and frequency-selective proportional fair resource scheduling is assumed in both Macro and Pico eNBs; a detailed description of further important simulation parameters is given in Appendix A.
All simulations have been conducted with realistic PDCCH and PDSCH interference and error models, including adaptive aggregation level and power selection for PDCCHs. The PDCCH interference is taken into account on CCE level, meaning that the impact of sparse utilization and power control of control region resources in interfering cells directly affects the PDCCH SINR and error probability. The Pico eNB transmission power is in all simulated configurations fixed to 30 dBm and the Macro eNB transmission power is varied.
Based on the definitions in [1], the following HetNet configurations are evaluated in this contribution:
· Configuration 4b:
Four Pico eNBs per Macro eNB (sector) and 30 UEs per Macro eNB, PP = 2/3 of the UEs are directly dropped into the coverage areas of the Pico eNBs

· Configuration 1:
Four Pico eNBs per Macro eNB (sector) and 25 UEs are dropped uniformly into the coverage area of each Macro eNB (sector)

Corresponding to the discussion in Section 2, following system parameters are adapted in the different simulations: 

· Component Carrier (CC) allocation as defined in Section 2.3
· Range extension bias:
[0…20] dB
· Macro eNB transmission power
[0…46] dBm; in case of 0 dBm the Macro eNBs are completely switched off 
3.2 Result Discussion

3.2.1 UE Association Statistics
Table 1 and Table 2 show the fraction of UEs associated to Pico eNBs in the evaluated scenario configurations. Both Macro eNB transmission power and Pico eNB range extension bias have been varied. For the evaluation, it has to be kept in mind that the Pico eNB transmission power is in all cases 30 dBm and that Pico eNBs have omni-directional instead of sector antennas. Furthermore, 66.7 % of the UEs are already per definition dropped into the coverage areas of the Pico eNBs in Configuration 4b. That is the reason for the general larger fractions of UEs associated to Pico eNBs in Configuration 4b compared to Configuration 1. 

The results clearly confirm that from UE association point of view the effect of applying range extension can also be achieved by reducing the Macro eNB transmission power. It can for example be seen that the parameter settings with Macro eNB power 46dBm plus 12 dB range extension bias and Macro eNB power 34 dBm without range extension bias yield the same UE association statistics for both Configuration 4b and Configuration 1 (0.89 and 0.80, respectively). To visualize this effect some of the corresponding parameter settings are marked in different colors (orange for 0.80, light green for 0.91,and dark green for 0.96). However, from throughput point of view these settings still can yield quite different performance results due to different interference conditions.
The grey shaded configurations in both tables are evaluated in detail in the following.

Table 1: Fraction of UEs associated to Pico eNBs - Configuration 4b (4 Pico eNBs and 30 UEs per Macro eNB)
	
	
	Macro eNB transmission power [dBm]

	
	
	0
	20
	26
	34
	40
	43
	46

	Pico eNB range 
extension bias  [dB]
	0
	1.00
	0.99
	0.96
	0.89
	0.80
	0.76
	0.71

	
	5
	1.00
	1.00
	0.98
	0.94
	0.88
	0.83
	0.79

	
	8
	1.00
	1.00
	0.99
	0.96
	0.91
	0.88
	0.83

	
	12
	1.00
	1.00
	1.00
	0.98
	0.95
	0.92
	0.89

	
	20
	1.00
	1.00
	1.00
	1.00
	0.99
	0.97
	0.96


Table 2: Fraction of UEs associated to Pico eNBs - Configuration 1 (4 Pico eNBs and 25 UEs per Macro eNB)
	
	
	Macro eNB transmission power [dBm]

	
	
	0
	20
	26
	34
	40
	43
	46

	Pico eNB range 
extension bias  [dB]
	0
	1.00
	0.96
	0.91
	0.80
	0.69
	0.64
	0.57

	
	5
	1.00
	0.99
	0.95
	0.87
	0.77
	0.72
	0.67

	
	8
	1.00
	0.99
	0.97
	0.91
	0.82
	0.77
	0.72

	
	12
	1.00
	1.00
	0.99
	0.94
	0.88
	0.84
	0.80

	
	20
	1.00
	1.00
	1.00
	0.99
	0.96
	0.93
	0.91


3.2.2 UE Throughput Statistics
Figure 2 and Figure 3 show the average UE throughput and the 5th percentile of the UE throughput (cell-edge throughput) for Configuration 4b and Configuration 1, respectively. Different exemplary parameter settings for Macro eNB transmission power and range extension bias are evaluated.
The curves in the figures are denoted in the following way:

M<Macro eNB transmission power [dBm]> | B<range extension bias [dB]> | <CC allocation> 
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Figure 2: Average vs. cell-edge UE throughput - Configuration 4b (4 Pico eNBs and 30 UEs per Macro eNB)
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Figure 3:  Average vs. cell-edge UE throughput - Configuration 1 (4 Pico eNBs and 25 UEs per Macro eNB)
The results clearly show that the frequency allocation pattern with non-overlapping component carriers provides significantly reduced UE throughput compared to the other allocation patterns. For the other allocation pattern it can be seen that different combinations of Macro transmission power and range extension bias do not show significant impact on the average UE throughput, but on the cell-edge UE throughput (5th percentile). 
With Partial Overlap in Configuration 1, the average UE throughput is in all cases approximately 2.8 Mbit/s, but the according cell-edge throughputs lie between 190 kbit/s (46 dBm Macro eNB power, no range extension bias) and 760 kbit/s (26 dBm Macro eNB power, no range extension bias), which represents a cell-edge gain of 300% achieved just by Macro eNB be-boosting). 
In case of Configuration 4b, Partial Overlap provides and average UE throughput between 2.9 and 3.0 Mbit/s and according cell-edge throughput values between 360 and 940 kbit/s (approximately 62% gain).
The combination with very low Macro eNB transmission power (26 dBm) and no range extension (Partial and Full Overlap) shows in this context the best performance. Furthermore, it is revealed that completely switching off of all Macro eNBs provides actually very good performance results (all Pico eNB use two CCs in this case, corresponding to Full Overlap and Partial Overlap settings). That shows that the effect as of range extension (RE) based on RSRP bias settings can be achieved by powering down the Macro eNBs, which has the additional benefit of reducing the eNB power consumption. 
The detailed UE throughput distributions are given in Appendix B.
3.2.3 PDCCH BLER Statistics

In all investigated system configurations the magnitude of the average PDCCH BLER of all UEs was more or less negligible (< 2%). This is based on the fact that the interference in the control channel region is kept low due to the sparse CCE utilization (approximately 60-70% of the CCEs are not used, depending on scenario configuration and system settings). The detailed PDCCH SINR distributions are given in Appendix B.
4 Conclusion

From the simulation results for Configuration 1 and Configuration 4b presented in this contribution we derive the following conclusions:
· Deployment of Pico eNBs in addition to Macro eNBs significantly increases both average UE 
and cell-edge UE throughput

· In general, Configuration 4b show better performance then Configuration 1 due to the larger 
fractions of UEs associated to Pico eNBs

· No PDCCH reception problem with the investigated range extension bias settings

· Performance gains achieved be using range extension bias can also be achieved by 
Macro eNB transmission power reduction

· Full Overlap (FO) and Partial Overlap (PO) provide best throughput performance results; combination of Macro eNB transmission power and range extension bias setting mainly affects cell-edge UE throughput

· No Overlap (NO) provides highest PDCCH SINR, but minimum throughput performance compared to the other allocation schemes due to limited number of usable resources per Pico eNB

· Completely switching off Macro eNBs does not cause significant throughput performance impact compared to range extension cases
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Appendix A
	Simulation Parameter
	Setting

	Deployment scenario
	Configuration 1 and Configuration 4b as defined in TR 36.814

	Serving cell attachment 
	RSRP-based (with bias in case of range extension)

	Scheduler 
	Proportional fair frequency selective scheduling in both Macro eNBs and Pico eNBs

	Component carrier bandwidth
	5 MHz

	Carrier frequency
	2GHz

	Macro cell ISD
	500m

	Max Macro Tx Power
	[0 … 46] dBm

	Max Pico Tx Power
	30dBm

	Noise PSD
	-174 dBm/Hz

	Macro eNB antenna pattern
	3D antenna pattern, 120 degree sector

	Pico eNB antenna pattern
	Omni-directional

	Macro eNB antenna gain
	17dBi

	Pico eNB antenna gain
	5dBi

	Antenna configuration
	2-Tx 0.5 lambda, 2-Rx 0.5 lambda for all links

	Minimum distance between Pico eNBs and Macro eNBs
	35m

	Minimum distance between 
Pico eNBs
	40m

	Minimum distance between 
Macro eNB and UEs
	35m

	Minimum distance between 
Pico eNB and UEs
	10m

	Fast Fading Channel 
	Macro cells: ITU UMa
Pico cells: ITU UMa

	MIMO transmission modes
	DL transmission mode 4 
(closed loop 2x2 MIMO with  dynamic rank adaptation)

	CQI Feedback 
	Sub-band CQI (PUSH mode 3.0 as defined in TR 36.213), periodically every 1 ms with 5ms delay

	Control overhead
	3 OFDM symbols

	Control signaling
	Realistic PDCCH error model
(impact of CCE utilization is considered)

	Path loss model
	Macro cells: ITU UMa
Pico cells: ITU UMa


6 Appendix B

6.1 PDCCH SINR Distribution

The figures show the cumulative distribution functions (CDFs) of the effective PDCCH SINR, the impact of sparse CCE utilization is considered in the effective SINR. The shown SINR metric comprises the power boosting/de-boosting impact of the interference but not the boosting/de-boosting of the PDDCCH itself. This means that especially the cell-edge UEs will have an even higher effective SINR level than shown in the figures since these PDCCHs are most probably power boosted.
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Figure 4: Effective long-term wideband PDCCH SINR distribution – Configuration 4b
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Figure 5: Effective long-term wideband PDCCH SINR distribution – Configuration 1
6.2 UE Throughput Distribution

The figures show the cumulative distribution functions (CDF) of the UE throughput.
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Figure 6: UE throughput distribution – Configuration 4b
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Figure 7: UE throughput distribution – Configuration 1
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