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1. Introduction
In EUTRA OFDMA downlink multi-user diversity gains can be obtained by using frequency domain channel-dependent scheduling in addition to the usual time domain one. Moreover, as the number of frequency chunks increases (the chunk bandwidth decreases) the multi-user frequency diversity gain also increases at the expense of the increase in the number of signaling bits required for frequency scheduling [1]. 
This contribution examines several aspects related to frequency scheduling. First, we consider the dependence of the frequency scheduling gain on the operating bandwidth size, and the channel type by evaluating the throughput at 5 MHz and 10 MHz for various channels. Second, we investigate the dependence of the overall scheduling on the cell size by considering two exemplary cell sizes representing a small-to-medium cell and a medium-to-large cell. Finally, we evaluate the dependence of the overall scheduling gain on the UE speed. We also briefly address issues related to the chunk bandwidth selection to optimize the trade-off between sector throughput and number of required signaling bits. The scope of the study in [1] is extended using the agreed numerology in [2] and considering the aforementioned additional setups.     

The remaining of the contribution is as follows. Section 2 outlines the simulation assumptions. Section 3 presents sector throughput results for the previously described frequency scheduling aspects. Finally, Section 4 discusses the conclusions of this contribution.        
2. Simulation Assumptions
The agreed numerology in [2] is applied. Additional simulation assumptions are given in Table 1. The link level simulations providing the MCS SINR-to-BLER mapping for the system level simulations used the scattered pilot format described in [3] and the mapping accounted for channel estimation errors. Moreover, the exponential effective SIR mapping in [4] was applied to map the channel conditions to an effective SINR that can be used to determine the expected BLER from the link level AWGN curves. In terms of scheduling, multiple chunks were allowed to be assigned to a single UE if so determined by the scheduler (proportional fair). The system simulation parameters for the macro-cell deployment were the ones given in Table 2 of [5] which are also stated in Table 2 for ease of reference. 
	Parameter
	Assumption

	Bandwidth
	5 MHz, 10 MHz

	Site-to-site distance
	866 m, 2.598 Km

	Channel Models
	Pedestrian B, Vehicular A, Typical Urban

	Modulation scheme

and

Channel coding rate
	QPSK (R = 1/4, 1/2, 3/4),

16QAM (R = 1/2, 5/8, 3/4),

64QAM (R = 5/8, 3/4)

	Scheduling delay
	2.0 msec (4 TTI)

	Scheduling algorithm
	Proportional Fair

	Target BLER
	10%

	Round trip delay in hybrid ARQ
	3.0 msec (6 TTI)

	Packet combining method in hybrid ARQ
	Chase combining

	Maximum Number of Retransmissions
	2

	Number of antennas
	1 transmitter, 2 receiver

	Traffic model
	Full queue traffic


Table 1: Simulation Assumptions for Throughput Evaluation

	Parameter
	Assumption

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

	Minimum distance between UE and cell site
	35 m

	Antenna pattern
	70-degree sectored beam

	Total BS Tx power
	43 dBm for 5 MHz, 46 dBm for 10 MHz

	Distance dependent path loss
	128.1 + 37.6log10(r)

	Penetration loss
	20 dB

	Shadowing standard deviation
	8 dB

	Shadowing correlation between cells / sectors
	0.5 / 1.0


Table 2: System Simulation Parameters for Macro-Cell Deployment 
In order to make the number of data sub-carriers in each chunk the same and achieve uniformity among chunks, the number of data sub-carriers divided by the number of chunks has to be an integer whether the OFDM symbol contains pilot sub-carriers or not. For example, for 5 MHz bandwidth, there are 300 data sub-carriers in an OFDM symbol not containing pilot sub-carriers and there are 225 data sub-carriers in an OFDM symbol containing pilot sub-carriers. Therefore, the number of possible chunks is 1, 5, 15, and 75. Although having the same number of data sub-carriers per chunk was assumed in the simulations, it is clearly not a necessary condition for actual system operation and more choices for the number of chunks can be obtained. Tables 3a and 3b provide the number of chunk configurations for 5 MHz and 10 MHz bandwidths, respectively.
Table 3a: Chunk Configurations in System Simulations – 5 MHz

	Number of chunks
	1
	5
	15

	Data sub-carriers per chunk 

(no pilot sub-carriers in OFDM symbol)
	300
	60
	20

	Data sub-carriers per chunk 

(pilot sub-carriers in OFDM symbol)
	225
	45
	15

	Chunk bandwidth (MHz)
	4.5
	0.9
	0.3


Table 3b: Chunk Configurations in System Simulations – 10 MHz

	Number of chunks
	1
	5
	10
	15
	30

	Data sub-carriers per chunk 

(no pilot sub-carriers in OFDM symbol)
	600
	120
	60
	40
	20

	Data sub-carriers per chunk 

(pilot sub-carriers in OFDM symbol)
	450
	90
	45
	30
	15

	Chunk bandwidth (MHz)
	9.0
	2.8
	0.9
	0.6
	0.3


3. Simulation Results 
Figure 1 shows the average throughput per sector for a 5 MHz and 10 MHz operating bandwidth as a function of the number of frequency chunks for a site-to-site distance of 866 m. Localized scheduling is assumed. For the 5 MHz case, the TU6 and VA channels were considered for UE speeds of 3 Kmph and 30 Kmph, respectively. For the 10 MHZ case, the TU12 channel was examined, in order to reflect the larger multi-path diversity of the larger bandwidth, again for UE speeds of 3 Kmph and 30 Kmph. 
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Figure 1: Average Sector Throughput for 5 MHz and 10 MHz bandwidth for 866 m size-to-site distance. 
For 5 MHz bandwidth and 3 Kmph, increasing the number of frequency scheduling chunks from 1 to 5 and 15 chunks offers throughput gains of about 4.7% and 8.4%, respectively. These throughput gains however practically disappear at 30 Kmph as the effectiveness of time scheduling deteriorates. For the 10 MHz bandwidth and 3 Kmph, increasing the number of frequency scheduling chunks from 1 to 10, 15 and 30 chunks offers substantial throughput gains of about 10.8%, 13.2% and 18.1%, respectively. Clearly, the larger richness of the multi-path channel relative to the 5 MHz case (12 paths versus 6 paths) in addition to the larger operating bandwidth allow for much larger frequency scheduling gains. These throughput gains however are again severely diminished at 30 Kmph to only about 3.2% (15 chunks). Since the actual average sector throughput is determined for a mixture of UE speeds, the actual throughput gains from frequency scheduling will be between the ones obtained when time scheduling is effective (low UE speeds) and when it is not (high UE speeds). 
Figure 2 shows the average throughput per sector for the same conditions as Figure 1 but for a larger site-to-site distance of 2.598 Km. Localized scheduling is again assumed.
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Figure 2: Average Sector Throughput for 5 MHz and 10 MHz bandwidth for 2.598 Km site-to-site distance. 

For 5 MHz bandwidth and 3 Kmph, increasing the chunk number from 1 to 5 and 15 offers throughput gains of about 5.3% and 9.4%, respectively. Although the sector throughput is smaller than for the setup in Figure 1, the gains from frequency scheduling are somewhat increased. However, these gains again practically disappear at 30 Kmph as the effectiveness of time scheduling deteriorates. For the 10 MHz bandwidth and 3 Kmph, increasing the number of frequency scheduling chunks from 1 to 10, 15 and 30 chunks offers substantial throughput gains of about 7.1%, 9.6% and 12.9%, respectively. Although the throughput gains from frequency scheduling are again larger relative to the 5 MHz, they are proportionally smaller that the corresponding gains for the smaller site-to-site distance case. Also, these throughput gains again severely diminish at 30 Kmph to only about 3.2% (15 chunks).
Based on the previous results, particularly on the effect of UE speed on achievable throughput, a good tradeoff between larger throughput, as the number of frequency chunks increases, and additional associated signaling overhead which decreases the effective throughput, is to employ 5 chunks at 5 MHz and 10-15 chunks at 10 MHz. 
Finally, the cumulative distribution function (CDF) of the sector throughput is provided for reference in Figure 3 for 5 MHz and 10 MHz bandwidths, 15 frequency chunks, and 20 UEs per sector. The application of frequency planning and MIMO will further increase the achievable throughput towards the target values of 3GPP long term evolution.
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Figure 3: Sector Throughput CDF with localized frequency scheduling. 
4. Summary and Conclusions
The gains from channel dependent frequency scheduling as a function of the number of frequency chunks are summarized in Table 4 for the various examined setups.

Table 4: Frequency Domain Channel Dependent Scheduling Throughput Gain
	
	5 MHz

866 m site-to-site
	10 MHz

866 m site-to-site
	5 MHz

2.6 Km site-to-site
	10 MHz

2.6 Km site-to-site

	Low speeds, 5 chunks
	4.7%
	-
	5.3%
	-

	Low speeds, 10 chunks
	NA
	10.8%
	NA
	7.1%

	Low speeds, 15 chunks
	8.4%
	13.2%
	9.4%
	9.6%

	Low speeds, 30 chunks
	NA
	18.1%
	NA
	12.9%

	Medium/large speeds
	< 1%
	~ 3.2%
	< 1%
	~ 3.2%


Frequency scheduling can provide substantial sector throughput gains in EUTRA OFDMA downlink particularly for the larger bandwidths low speed UEs. Moreover, the throughput gains are largely independent of the cell size and increase as the number of frequency chunks increases. For moderate to large speeds, the effectiveness of the time scheduler diminishes and the frequency scheduling gains become minimal. 
Since the average sector throughput is obtained for a mixture of UE speeds and since a larger number of chunks is associated with a correspondingly larger signaling overhead that decreases the effective throughput, a good tradeoff between the number of chunks and the throughput gains from frequency scheduling is to have 5 chunks for 5 MHz bandwidth and 10-15 chunks for 10 MHz bandwidth.  
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