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1
Introduction

In RAN51, the DL range expansion performance was studied in [1]. In this document, we discuss the benefit of range expansion for macro-pico coexistence. First, an LTE Rel-8 based pico deployment is described where macro and pico cells are LTE Rel-8 base stations using the same 10 MHz carrier (co-channel pico deployment). Then a dual-carrier deployment is discussed where all cells have two 5 MHz carriers with potentially different anchor carriers. Finally, a co-channel deployment with Rel-10 cooperative silencing scheme is discussed where optimized resource partitioning cooperative schemes are used to enhance macro and pico cell performance.
2
LTE Release 8 Performance
We first establish the baseline performance of LTE Rel 8 with and without picos. The LTE Rel 8 performance has been well established for a macro only network with 10 UEs per cell and proportional fair (PF) scheduling. In the context of edge user performance enhancement, this contribution focuses on equal grade of service (EGoS) scheduling instead of PF scheduling. Another difference in the baseline performance is the UE dropping, where a fixed number of UEs are dropped into each macro cell area instead of having a fixed number of UEs served by each cell [3]. 
2.1 
Macro Only Deployment

The UL UE throughput statistics for D1 scenario are summarized in Table 1, where 20 drops are simulated for each case. It is observed that the mean and tail throughputs of proportional fair 10 UEs served per cell case are worse than the LTE Rel-8 baseline performance in [4]. The reasons for the difference are: fast fading is disabled in heterogeneous network simulations for relative performance comparison [2]; subband scheduling gain was not captured in the uplink link-system analysis. A reduction in the absolute UE throughput is expected since multi-user diversity gain could not be captured in the link level simulations. See Appendix 6.1 for more details.
A simple open loop power control algorithm is used to limit the interference caused by each UE to neighbour cells. Specifically, based on the path loss difference (which can be estimated from RSRP) between the serving cell and the closest neighbour, a target TxPSD is chosen. The particular mapping from RSRP measurements to target TxPSD can then be tuned to target a particular interference over thermal (IoT) level. For the results presented in this section, the IoT target value for macro cell is 8.0dB.
Table 1 shows that geographic dropping of UEs leads to reduced tail throughput but similar median throughput compared to fixed number of UEs served by each cell. The larger throughput variation is due to uneven loading in difference cells. It is also observed that EGoS scheduling significantly increases the tail throughput (up to 75%) at the cost of cell capacity compared to PF scheduling. Additional UE throughput and IoT statistics are included in the Appendix.
The EGoS performance with 25 UEs dropped in each macro cell will be used as the baseline macro-only performance in the rest of the contribution. The uniform UE dropping throughputs are 136, 189 and 193 Kbps for 5%, median and mean UE throughput, respectively (Table 1). If UEs are dropped in clusters within a macro cell, the relative performance change compared to the uniform dropping is negligible.
Table 1 UE throughput in macro only deployment
	
	5% (kbps)
	50% (kbps)
	Mean (kbps)

	10 UEs served by each cell
	Proportional Fair
	223
	625
	824

	
	EGoS
	316 
	505 
	518

	10 UEs dropped in each macro cell area
	Proportional Fair
	206
	593
	813

	
	EGoS
	283
	474
	509

	25 UEs dropped in each macro cell area 
	Proportional Fair
	87
	235
	321

	
	EGoS
	136
	189
	193


2.2 
Co-Channel Pico Deployments
Four pico deployment configurations are defined in the draft evaluation methodology [2]. In this contribution, we evaluated configurations 1 and 4 as defined in Table A.2.1.1.2-3 in [2] for a 10 MHz co-channel macro/pico deployment. In configuration 1, twenty-five UEs and a fixed number of pico cells are uniformly dropped within each macro cell. In configuration 4, a fixed number of UEs are dropped within each pico’s coverage and the rest of UEs are randomly dropped within each macro cell area. In this particular setup, we choose to have 2 UEs dropped within a 30 meter radius of each pico cell, e.g., 20 UEs in pico coverage and 5 UEs in macro cell coverage in the case of 10 pico cells per macro cell. 
Under the cell-selection algorithm of selecting the cell with the highest DL received power, the number of UEs associated with pico cells is small. The association statistics are shown in the Figure 1, where only 6% of UEs are associated with pico cells in the case of 10 pico cells / macro cell for uniform UE layout. The limited coverage of picos is a result of the lower DL transmit power (30 dBm) and antenna height (5 m) compared to macro cells. 
In configuration 4, UEs are dropped substantially closer to the pico cells than the macro cells (1/10 of the macro cell radius). As a result, close to 30% of UEs are associated with pico cells in the case of 10 pico cells / macro cell. 
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(a) Config #1 Uniform UE Layout

(b) Config #4 Clustered UE Layout
Figure 1. UE association statistics with best RSRP cell selection in co-channel deployment
2.2.1 
Co-Channel Pico Deployments Configuration 1

The performance LTE Rel 8 co-channel deployments of macro cell and pico cells in configuration 1 are shown in Figure 1 and Table 2. It is further shown in Figure 1(a) and Table 2 that, while there is notable improvement in mean UE throughput, the pico deployments lead to virtually no performance improvement in tail and median UE throughputs.  The mean user throughput gain is due to a few pico UEs achieving very large throughput. Figure 1(b) shows that, while such pico deployments significantly increase the interference variations experienced by pico cells, the interference over macro cells is maintained at the target value. 
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Figure 1 Configuration #1 LTE Rel 8 co-channel deployment UE throughput and sector IoT statistics

Table 2 Configuration #1 LTE Rel 8 co-channel deployment UE throughput gain 
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2.2.2 
Co-Channel Pico Deployments Configuration 4

The performance of LTE Rel 8 co-channel deployments of macro cell and pico cells in configuration 4 are shown in Figure 2 and Table 3. Figure 2(a) shows that the UEs that are connected to a pico cell enjoy orders of magnitude higher throughput, while the macro cell UEs experience non-negligible performance improvement only for high pico densities. Table 3 shows that the improvement in such best-case scenario is 15% at the tail and 39% at the median throughputs. Figure 2(b) shows the instantaneous IoT distribution for the configuration 4. 
In summary, while the LTE Rel-8 co-channel pico deployments could generally improve tail and median user throughput in DL, as shown in [1], the conclusion on UL is more pessimistic for both configurations, with non-negligible gains seen only in configuration 4 and high pico densities. Furthermore, while there is a significant improvement in mean UL throughput, we do not consider this a very meaningful statistic give the “unfairness” observed in UE throughput. 
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Figure 2 Configuration #4 LTE Rel 8 co-channel deployment UE association and throughput statistics
Table 3 Configuration #4 LTE Rel 8 co-channel deployment UE throughput gain 
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3
Pico Range Expansion
The LTE Rel-8 co-channel pico performance is limited mainly by a suboptimal cell-selection scheme and the dominant interference between macro and pico cells. Enhanced cell-selection strategy should take interference efficiency into account. Given the higher transmit power and better propagation of the macro cell, traditional metrics such as DL received power results in a very small coverage for the pico cell and hence very limited performance gain. Instead, a UE served by a pico cell with lower DL received power compared to that of the marco cell may be beneficial in several aspects: it may greatly reduce UL interference; it may provide significantly lower interference to the network per bit served to the UE when the pico cell is not interferred by the macro cell; and it may offload significant amount of traffic from the macro cell. Such an interference-aware cell-selection scheme was referred to as range-expansion in [5]. When the macro silences its transmission or reduces its transmit power, all the pico cells in the macro coverage can simultanoeusly use the bandwidth vacated by the macro cell, thus achieveing cell-splitting gains.
In this contribution, numerical results are provided to demonstrate the potential uplink performance benefits of enhanced cell-selection and cooperative silencing schemes.  The rest of the section discusses range expansion performance under carrier reuse deployments and co-channel deployments with cooperative silencing scheme.
3.1 
Range Expansion Algorithm

In this particular setup, the serving cell of a UE is selected according to the following criteria: CellID = argmax{i} {RSRP_i + bias_i}, where bias_i = 0 and 25 dB for macro and pico cells respectively. The bias of 25 dB is rather ad hoc and has not been optimized since in this contribution it is only intended to obtain a lower bound on the performance gain. An additional RSRP threshold of P_thermal + 3 dB is also used to limit UEs connecting to low power pico cells.

Association statistics of Configuration 1 and 4 are shown in Figure 3.  Compared to LTE Rel 8 co-channel deployment, it is noted that a much larger fraction of UEs are now associated with pico cells. For example, 40% UEs are associated with pico cells when there are 2 pico cells/macro cell with the range expansion scheme in Configuration 1 compared to <3% with the LTE Rel 8 best geometry cell-selection scheme.
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(a) Config #1 Uniform UE Layout

(b) Config #4 Clustered UE Layout
Figure 3. UE association statistics with range expansion for Configuration #1 and Configuration #4
An effective cooperative silencing scheme is required to take advantage of the new cell selection algorithms in pico deployments. The rest of the section discusses a simple frequency interference silencing scheme in dual-carrier deployments and a co-channel cooperative silencing scheme.
3.1 
Carrier Reuse Deployment with Carrier Silencing
Multiple frequency layers enable interference management between UEs served by different power class cells, where long-term cooperative silencing can be carried out by silencing particular carriers for UEs in a certain power class cell (Macro/pico). In the following example, the entire system bandwidth of 10MHz of the macro-only deployment is split into two 5MHz carriers: one for macro UEs and one for pico UEs. The association algorithm is based on the range expansion scheme mentioned above.
In the case of Configuration 1, the dual-carrier deployment provides significant throughput gain at large pico density while degrading system performance at low pico density (Table 4). The performance loss at low density is due to the loss of usable macro cell bandwidth, which is not efficiently utilized by the pico cells. Note that the median IoT is below 8 dB for all cases. Hence, the results are somewhat conservative and could be improved, for example, by employing a closed loop power control mechanism. 
Table 4 Configuration #1 carrier reuse UE throughput gain 
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In the case of Configuration 4, the dual-carrier deployment is shown to provide more substantial gain starting at medium pico density (Table 5). More specifically, 50% and 240% gain has been observed with 4 pico cells per macro cell for tail and median UE throughput, respectively. However, a non-negligible performance loss is still observed for tail UE throughput with 2 pico cells per macro cell. Note that the median IoT is again below 8 dB for all cases, and, hence the results are conservative from a power control point of view. Additional throughput and IoT CDFs are included in the Appendix.
In summary, dual-carrier deployment is shown to provide much higher throughput gain in conjunction with range expansion cell-selection schemes compared to LTE Rel 8 co-channel deployment. However, a notable performance loss at tail UE throughput is observed when the pico density is low. Note that if a large number of component carriers are available, a smaller fraction of carriers could be allocated to the pico cells when the pico density is low. One limitation of carrier switching is that system parameters are usually allowed to change only on the time scale of hours due to the impact on call drops and idle mode UEs.
Table 5 Configuration #4 carrier reuse UE throughput gain 
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3.2 
Rel 10 Co-Channel Cooperative Silencing with Optimized Resource Partitioning
Co-channel cooperative silencing scheme could provide better granularity and faster adaptation compared to carrier partitioning schemes. As shown in the previous section, while a particular resource partitioning could be efficient at one particular pico density, it could also degrade the system performance in a different scenario. In this section, uplink performance results are presented with optimal resource partitioning tailored to each individual scenario. While this is clearly a genie-aided approach, it serves as an upper bound on the performance and provides a relative performance comparison with R8 and dual-carrier approaches.
The resource granularity for cooperative silencing is 1 out of 8 HARQ processes. For each pico deployment, the optimum partition between macro and pico cells is determined via simulations. Similar resource partitioning could also be made in frequency subbands for asynchronous networks. 
Preliminary results show that Rel 10 co-channel cooperative silencing algorithm is more robust under different pico densities. The performance at lower pico densities are notably better compared to the dual-carrier deployment. 
5
Conclusions
In this contribution, we investigated mixed macro-pico deployment with co-channel and carrier-reuse schemes. It was shown that range expansion techniques could significantly improve the system capacity. Up to 360% and 830% gains have been observed on the median throughput for uniform and clustered UE layout, respectively. Additional improvement would be possible with Rel 10 cooperative silencing scheme.
We recommend RAN4 to take the range expansion performance into account for defining pico RF requirements.
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