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1. Introduction

At the last RAN1 meeting in Jeju, a way forward to further study proactive UL ICIC schemes was agreed in [1].  The proposed way forward includes introduction of a new indication X signaled via the X2 interface from one eNB to its neighbor eNBs. This indication, X, indicates the PRBs in which one eNB will schedule cell-edge UEs causing high inter-cell interference (HII). In this contribution, we investigate the gain mechanism of such proactive UL ICIC schemes in order to quantify the potential gain of introducing such X2 signaling.
Our simulation results show that in a typical macro cellular environment with sectorization and shadow fading, the studied proactive UL ICIC scheme only provide a marginal gain (0.5 dB improvements in average SINR for cell-edge users).  Such marginal gain is almost independent of the particular metric used to identify cell-edge users. 
2. UL ICIC: Assumptions and Simulation Results
The scenario considered for our first performance investigations of UL ICIC consists of the “static” configuration illustrated in Figure 1, where 1/3 of the system bandwidth is used for the allocation of cell-edge users in each cell, while the rest of the frequency resources are allocated among other UEs. Note that the cell-edge frequency region is different for neighbor eNBs (according to a traditional 3-color scheme). The presented 3-color scheme corresponds to the case where the X2 messages exchanged between the different eNBs indicate 1/3 of the bandwidth for cell-edges, and where the exchange of such X2 messages has fully converged to the point where neighboring cells start to schedule cell-edge users in different parts of the bandwidth. Hence, corresponding to the situation where the distributed UL ICIC scheme with X2 signaling has converged to a stable steady state solution.
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Figure 1. Frequency allocation of cell-edge users in different cells for a basic 3-color UL ICIC configuration
Different metrics can be used to distinguish between cell-edge and non-cell-edge users. Five different metrics have been considered in this investigation. These metrics are all derived from average path gain measurements (including the effect of shadow fading). The considered metrics are listed and shortly described in the Table 1. The following notation is used in Table 1; PGi is the average path gain to eNB number i, PGserv is the average path gain to the serving eNB, PG2nd is the average path gain to second strongest eNB, P0 and  are the open loop power control parameters [2]. Depending on the selected cell-edge metric, either users with low path gain to the serving eNB or users generating a high (average) level of inter-cell interference are considered as cell-edge users. The fractional path loss compensation open loop power control is assumed with P0 = -59 dBm and = 0.6.

Table 1. Metrics used to distinguish between cell-edge and non-cell-edge users
	Metric
	Short description
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	Cell-edge users are users with high path loss to the serving eNB
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	Cell-edge users are users with low difference between serving and second strongest eNB (i.e. in handover region)
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	Cell-edge users are low G-factor users
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	Cell-edge users are users generating the highest (average) interference spectral density to the system
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	Cell-edge users are users generating the highest (average) interference spectral density to the neighbor (i.e. second strongest eNB) 


As stated in [1], UL ICIC relies on the fact that cell-edge users (i.e. causing a high inter-cell interference) are also the most sensitive users to inter-cell interference (i.e. users with highest path loss). However, in a typical macro cell environment with sectorization and correlated shadow fading this is not always strictly true. In order to further elaborate on the correlation between the considered cell-edge metrics and the potential gain for UL ICIC, we start with a simple statistical analysis of the Macro cell case #1 environment as specified in TR25.814. This environment consists of a regular grid of 3-sector eNBs with distance dependent path loss and lognormal distributed shadow fading with full correlation between sectors on the same eNB, and a correlation coefficient of 0.5 between the shadow fading components towards different eNBs. Given this environment, we present a set of first results without fast fading in the following. Figure 2 reports a scatter plot of the average path gain to the serving eNB vs. the average level of interference generated by the same user. In this context, the average level of interference is the power generated into the neighboring cells per PRB.
	[image: image8.emf]-140 -130 -120 -110 -100 -90 -80 -70 -60

-120

-115

-110

-105

-100

-95

-90

-85



 = 0.0013

Avearge path gain [dB]

Average interference per PRB [dBm]


	[image: image9.emf]-6 -5.5 -5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

Average SINR per UE [dB]

CDF

no ICIC

M

1

M

2

M

3

M

4

M

5



	Figure 2. Average path gain to the serving eNB vs. average interference.
	Figure 3. Per-user SINR distribution for no UL ICIC and different cell-edge metrics.


It is observed from Figure 2 how the average path gain to the serving eNB and the interference are weakly correlated (correlation factor is in the order of 10-3). The lack of correlation between the path gain to the serving cell and the interference has an important impact on the performance of UL ICIC. 
Figure 3 shows the lower part of the cumulative distribution function of the average (average over fast fading) experienced SINR per user in order to illustrate the potential UL ICIC gain for cell edge users. Frequency-blind scheduling is assumed in this preliminary analysis. Results are presented without any UL ICIC and with UL ICIC for the five considered cell metrics. Table 2 contains the average IoT levels for cell-edge and cell-center regions obtained using UL ICIC with the different cell-edge metrics from Table 1.These results are all obtained with the settings presented in Figure 1 where 1/3 of the PRBs are reserved for cell-edge users in each cell. For each cell, the averaged experienced IoT is computed for the 1/3 of the bandwidth for the cell-edge users, and for the remaining 2/3 of the bandwidth for the rest of the users (see Table 2).
Table 2. Average IoT in cell-edge and cell-center “regions” for different cell-edge metrics
	ICIC metric
	IoTedge [dB]
	IoTcenter [dB]

	No ICIC
	13.7

	M1
	14.1
	13.5

	M2
	12.7
	14.2

	M3
	13.1
	14.0

	M4
	12.1
	14.4

	M5
	12.1
	14.4


Given the results in Figure 3 and Table 2, we observe that the best case scenario for UL ICIC only provides an SINR gain for cell-edge users on the order of 0.5 dB. In general, the cell-edge metrics based on the difference between average path gain to the serving eNB and the average path gain to neighboring cell(s) (M2 and M3) slightly improve the cell-edge performance. This is because these metrics are slightly correlated to both average path gain and interference (see e.g. Figures 4 and 5), which results in users with low path gain being scheduled in the part of the frequency spectrum with lower IoT. The results in Table 2 only indicate minor differences in the experienced IoT for the two different frequency regions marked for cell-edge and cell-center users.
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	Figure 4. Correlation between M1 and average path gain to the serving eNB
	Figure 5. Correlation between M1 and average inter-cell interference


In order to elaborate further on the performance mechanisms for the considered UL ICIC scheme, we have conducted a set of simulations without shadow fading. The impact of shadow fading on the performance of UL ICIC is clear when looking at the results in Figures 6 and Figure 7 with exactly the same propagation scenario (Macro1) and PC parameters (P0 = 59 dBm and = 0.6), but without shadowing. Comparing the results in Figure 6 (without shadowing) against the results in Figure 2 (with shadowing), clearly shows that the correlation between the cell-edge metric is much higher when shadowing is disabled. From Figure 7 it can be noticed that without shadow fading, the SINR improvement at the cell-edge from using UL ICIC is increased to approximately 1 dB, i.e. a more clear gain as compared to the cases with shadow fading (but still a rather limited gain). 
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	Figure 6.  Average path gain to the serving eNB vs. average interference with no shadow fading
	Figure 7. Per-user SINR distribution for no UL ICIC and different cell-edge metrics with no shadow fading


Finally, we present more extensive system level simulation results for UL ICIC including shadow fading, fast fading, fast AMC, Hybrid ARQ,  radio channel aware proportional fair scheduling in frequency domain, etc.. The basic system level simulation assumptions and parameters are listed in Table 3. The simulations are conducted for full load scenario where there is enough offered traffic to have scheduled users on all the PRBs in each cell for the PUSCH.
Table 3. System level simulations assumptions and parameters
	Parameter
	Value

	Layout
	19 sites, 3 sectors/site, wrap-around

	Propagation scenario
	Macro 1

	System bandwidth 
	10 MHz  - 48 (PUSCH) + 2 (PUCCH) PRBs

	Maximum UE TX power
	24 dBm

	P0
	-56 dBm

	
	0.6

	# users/cell
	24

	# PRBs/user
	4 PRBs

	Packet scheduling
	PF in frequency domain

	Traffic model 
	Full buffer


From the user throughput distribution obtained from system level simulations, it can be concluded that there is only a marginal impact of UL ICIC on the overall system performance, which is almost independent of the selected cell-edge metric, i.e. no significant UL ICIC gain.
	[image: image14.emf]0 200 400 600 800 1000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

User Throughput [kbit/s]

CDF

 

 

noICIC

M1

M2

M3

M4


	[image: image15.emf]-5 0 5 10 15 20

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Average SINR per UE [dB]

CDF

 

 

noICIC

M1

M2

M3

M4



	Figure 8. CDF of user throughput from system simulations with/without UL ICIC using different cell-edge metrics
	Figure 9. Per-user SINR distribution  from system simulations with/without UL ICIC using different cell-edge metrics


4. Conclusions 

In this contribution, we have presented a first set of quantitative performance results for proactive UL ICIC in a regular macro cell environment with uniform traffic and full load. It is found that it is difficult to establish a solid definition for cell-edge metric that leads to significant UL ICIC gains when evaluated in an environment with sectorization, shadowing, fractional path loss compensation, etc. Our analysis shows only marginal gain of 0.5 dB improvement of SINR for cell edge users when evaluated under realistic conditions with sectorization, shadow fading, uplink fractional path loss compensation power control, etc. The reference configuration with a simple radio channel aware proportional fair scheduling (based on UL channel sounding) and fractional path loss compensation appears to be fairly robust. We note that with radio channel aware proportional fair scheduling, the scheduler also aims at scheduling the different users on the PRBs with highest relative SINR, i.e. provides a mechanism for simple SINR maximization via scheduling. As the presented results in this contribution are a first attempt to quantify the UL ICIC gain, we welcome further investigations to have clarified if there are realistic and typical use cases with significant UL ICIC gain.
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