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1. Introduction

Frequency domain channel-dependent scheduling is beneficial in improving both user throughput especially at cell edge and average cell throughput by exploiting frequency-selectivity and multi-user diversity in the E-UTRA uplink based on single carrier (SC)-FDMA radio access. However, the application of frequency domain channel-dependent scheduling causes the specific property of inter-cell interference fluctuation as mentioned in [1] and [2], i.e., bursty or unpredictable inter-cell interference fluctuation, which influences the efficiency of the channel dependent scheduling and adaptive modulation and coding (AMC). Therefore, user throughput / sector throughput can be increased by scheduling across cells in an efficient manner to minimize the negative effect of inter-cell interference fluctuation in a multi-cell environment. Although a lot of scheduling methods aiming at inter-cell interference mitigation have been investigated in [3], including inter-cell interference randomization, cancellation and coordination, the problem of interference fluctuation has not been well dealt with. In order to achieve the multi-user diversity gain and avoid the performance degradation resulted from inter-cell interference fluctuation, this contribution proposes a frequency domain channel-dependent scheduling algorithm that suppresses the inter-cell interference fluctuation taking into account the interference to the neighbouring cell in the E-UTRA uplink.
2. Motivation for Suppression of Inter-Cell Interference Fluctuation
In SC-FDMA uplink radio access, user equipments (UEs) within a cell are multiplexed in FDM, which results in little interference within the cell. However, due to the small number of co-channel interfering UEs for each resource block, the inter-cell interference level may fluctuate greatly with frequency and time domain scheduling at neighboring cells.
The aforementioned inter-cell interference fluctuation in time and frequency will finally influence the efficiency of channel dependent scheduling and link adaptation such as adaptive modulation and coding (AMC). We illustrate such an example in Fig. 1. Figure 1(a) illustrates the observed uplink inter-cell interference at the channel quality indicator (CQI) measurement timing for the channel dependent scheduling while the perceived inter-cell interference at the timing of transmitting the actual scheduled packet is depicted in Fig. 1(b), respectively. From the comparison between Fig. 1(a) and 1(b), we can see large fluctuation of inter-cell interference, which may cause severe degradation both in multi-user diversity effect based on channel-dependent scheduling and MCS selection accuracy in AMC. 
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(a) ICI pattern at timing of CQI measurement                  (b) ICI pattern at timing of scheduled 

packet transmission
Figure 1 – Example of inter-cell interference (ICI) variation in frequency domain
In order to solve this fundamental problem with orthogonal uplink packet access, two approaches are investigated.

· Uplink transmission power control (TPC) to maintain the inter-cell interference being acceptable level based on overload indicator from the neighbouring cell  [6]-[8].
· Uplink scheduling algorithm which reduce the fluctuation of inter-cell interference level [9], [10].
In the contribution, we focus on the second approach. To avoid the effect of inter-cell interference fluctuation, we propose a frequency domain channel-dependent scheduling considering inter-cell interference fluctuation.
3. Proposed Frequency Domain Channel-Dependent Scheduling Suppressing Inter-Cell Interference Fluctuation
The main procedures of our proposed frequency domain channel dependent scheduling method are as follows. 
1.  Each UE measures the long term path-loss between the UE and the neighboring Node B by utilizing the downlink common reference signal.
2.  UE feeds back the measured path-loss and the corresponding cell ID of that neighboring cell to its    serving cell.
3.  Serving cell calculates the uplink inter-cell interference from each UE to the neighboring cell based on the feedback information: long-term path loss and UE power head room.
4.  UEs having similar inter-cell interference to the same neighboring cell are classified into one group. For each UE group, the same sub-set of the whole uplink spectrum (we call it chunk hereafter) is pre-allocated.
5. Frequency and time domain channel-dependent scheduling such as Proportional fairness (PF) algorithm are applied within each group of UEs for respective chunk.
Figure 2 depicts an overview of our proposed group based scheduling method assuming 6 UEs and 6 chunks. In this case, UE #2, #3, and #6, which have the same inter-cell interference quantized value, i.e., close ICI, to the adjacent neighbouring cell #3 are grouped together to use chunk S4 to S6, and UE #4 and #5, which have the same quantized inter-cell interference to the neighbouring cell#2 are grouped together to use chunk S2 and S3., And each chunk or group of chunks are limited to be reassigned to the UEs belonging to the same UE group.
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Figure 2 – Overview of proposed frequency domain channel dependent scheduling

4. Simulation Setup

In this contribution, we evaluate the performance gain of the proposed scheduling method by system level simulation. Table 1 lists the major parameters in the system-level simulation, which follow the agreed parameters given in [3]. The system bandwidth is set to 5 MHz. In the system-level simulation, we employ a 3-sectored 19-hexagonal cell layout model with a sector antenna beam pattern with a 70-degree beam width. We set the inter-site distance (ISD) to 500 m, and the corresponding cell radius is 289 m. The number of UEs per sector is set to 12. The propagation model follows a distance-dependent path loss with the decay factor of 3.76, lognormal shadowing with a standard deviation of 8 dB, and instantaneous multi-path fading. It is assumed that the distance-dependent path loss is constant during the throughput measurement period, while the shadowing and instantaneous fading variations are added. The penetration loss of 20 dB is included. The correlation values between the cell sites and that between sectors are 0.5 and 1.0, respectively. The six-ray Typical Urban (TU) model was assumed for the multi-path delay profile with the root mean square delay spread of 1.06 sec and the maximum Doppler frequency of fD = 5.55 Hz (corresponding speed of 3 km/h at a 2-GHz carrier frequency). The maximum transmission power of a UE is 21 dBm with the antenna gain of 0 dBi. Meanwhile, the antenna gain at the Node B is 14 dBi.
For the link adaptation method of the uplink shared data channel, the AMC and slow TPC are applied. The control interval of MCS selection and channel-dependent scheduling is set to 2.0 msec. Proportional fairness-based frequency domain channel-dependent scheduling [4] is used as traditional scheduling method. In frequency domain channel-dependent scheduling, the UE transmits the reference signal. Then, based on the CQI, the Node B assigns the optimum chunk to this UE according to the transmission bandwidth of the shared data channel. Finally, we assume the full queue buffer traffic model and SC-FDMA physical technology.

We assumed that one chunk bandwidth is 1.25 MHz, thus there are four chunks within 5 MHz. Therefore, the 12 UEs are group-wised into 4 groups based on the inter-cell interference power and the cell ID of the neighboring cell. We first rank the UEs with the same strongest neighbouring cell based on their measured inter-cell interference. According to this ranking order, select every 3 UEs orderly to compose one UE group and let them share one chunk. If the number of UEs having one same strongest neighbouring cell is less than 3, then the UEs are grouped with other UEs.
Table 1 – Simulation parameters
	Transmission bandwidth
	5 MHz

	Resource block bandwidth
	375 kHz

	Sub-frame length
	0.5 msec

	Cellular layout
	Hexagonal grid, 19-cell sites, 3-sectors per cell

	Maximum UE Transmission power 
	21 dBm

	Distance dependent path loss
	128.1 + 37.6log10(r) (r in kilometer)

	Penetration loss
	20 dB

	Shadowing standard deviation
	8 dB

	Correlation distance of shadowing
	50 m

	Shadowing correlation
	0.5 (inter-site) / 1.0 (intra-site)

	Channel model
	6-ray Typical Urban (TU)

	Node B antenna horizontal pattern
	70 degrees with 20 dB front-to-back ratio

	Inter-site distance (ISD)
	500 m

	Node B noise figure
	5 dB

	Control delay
	2.0 msec

	Carrier frequency
	2 GHz

	UE distribution
	Uniform random distribution with only UEs at cell edge simulated (BS to UE is over 184m)

	Number of UEs per sector 
	12 (located around cell outer area)

	Thermal noise
	-174 dBm/Hz

	UE speed
	3 km/h

	Scheduling scheme
	Proportional fairness (PF)

	Number of sub-carriers
	300

	FFT size
	512

	Modulation scheme
	QPSK, 16QAM

	Traffic model
	Full buffer


5. Simulation Results
Figure 3 shows the cumulative distribution function (CDF) of the UE throughput employing the proposed frequency- and time-domain channel-dependent scheduling method. The performance using conventional frequency and time-domain channel-dependent scheduling without UE grouping based on inter-cell interference is also shown for comparison. We can clearly see from the figure that our proposed algorithm can provide performance improvement in both average user throughput and cell edge user throughput. The 5% of the CDF value in the user throughput and the average user throughput performance are improved by approximately 9% and 7.8%, respectively at the same time by employing the proposed scheduling method. This gain is achieved by the improved accuracy of the UE selection in channel dependent scheduling and improved tracking ability of MAC against the signal-to-interference plus noise power ratio (SINR) variation thanks to the suppressed inter-cell interference variation. Further investigations are needed to compare other scheduling and uplink TPC schemes.
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Figure 3 – Cumulative distribution of user throughput
6. Conclusion

We proposed a frequency domain channel-dependent scheduling method that suppresses inter-cell interference fluctuation in order to carry out multi-cell cooperative scheduling and obtain both multi-user diversity and multi-cell coordination. The preliminary performance evaluation results show that our proposal can provide approximately 9% improvement for the 5% value of CDF in the user throughput and 7.8% improvement for the average sector throughput compared with traditional frequency-domain channel-dependent scheduling methods. In order to support the proposed scheduling method, necessary specification is just to define the UE feedback of long-term path-loss to the strongest neighboring cell.
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