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1. Introduction
This contribution evaluates several aspects of the SCCH transmission through joint coding in multiple MCS regions as described in [1]. Category 1 (Cat1) for the DL grants and the entire UL grants are considered. Both the presence and absence of cell edge interference co-ordination with soft frequency or time re-use (IC-FFR/FTR) are examined. In particular, the following are evaluated:

a) the CDF of the required resource blocks (RBs) as a function of the average number of scheduled downlink and uplink (DL/UL) UEs
b) the CDF of the scheduled DL/UL UEs as a function of the cell load
c) the scheduled DL/UL UE distribution in the MCS regions
d) the RB distribution in the MCS regions

e) the transmission blocking probability (1% BLER is not satisfied for a scheduled UE in the lowest MCS region)
f) the probability the actual BLER exceeds the target 1% BLER due to CQI delay and measurement errors.

For IC-FFR/FTR, focus is for clarity on fixed (static) soft frequency re-use of 1/3 and uniform UE distribution with the same traffic characteristics. This simple setup avoids any particular assumptions on the UE or cell traffic (data rate) distribution. Its operation relies only on UE provided CQI reports. 
The objective is to determine the average and the distribution of the SCCH size for Cat1 of DL grants and for the UL grants. Cat2/3 transmission for DL grants is not included. Whether it is preferable to have it with Cat1 (at least for Cat2) or placed in the RBs where the UE is scheduled is FFS.   

2. Simulation Assumptions
The simulations considered a 0.5 msec TTI but the TTI size does not affect any of the following results for the control channel. Moreover, the RB size was assumed to be 375 KHz which is more likely for data scheduling as the smaller RBs of 180 KHz probably need to be aggregated since they offer little additional scheduling selectivity while increasing the control channel overhead. 

Additional assumptions are given in Table 1. The link simulations providing the MCS SINR-to-BLER mapping for the system simulations accounted for channel estimation errors. CQI estimation errors were also included based on actual link level modeling [3]. In terms of scheduling, no restriction was placed on the maximum number of scheduled UEs in a TTI. However, as is discussed later it is beneficial to limit the maximum number of scheduled UEs and in [5] is shown that, without MIMO, such a limitation need not result to significant throughput losses (FFS).
The exponential effective SIR mapping in [4] was applied to map the channel to an effective SINR and determine the expected BLER from link AWGN curves. The system simulation parameters were the ones for Case 3 in [2]. Similar results are expected for Cases 1 and 2 as the geometry CDFs are similar.
	Parameter
	Assumption

	Bandwidth
	10 MHz

	Evaluation Scenarios
	Case 3 from [1]

	Number of Resource Blocks (RBs)
	24 (375 KHz RB size)

	Reference Signal Overhead
	4.5%

	Channel Model
	TU 6

	Number of Uniformly Distributed UEs
	10, 20, and 40

	Data Channel
	Modulation scheme

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

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

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

	UE speed
	3 Kmph

	CQI Reporting delay
	2.0 msec (2 TTIs)

	CQI Measurement
	Actual, based on link simulations

	Scheduling algorithm
	Proportional Fair

	Target BLER
	10%

	Round trip delay in hybrid ARQ
	2.0 msec (2 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: System Simulation Assumptions.
Table 2: MCS Regions for SCCH Category 1.

	MCS 7
	16QAM, R=5/8

	MCS 6
	16QAM, R=1/2

	MCS 5
	16QAM, R=1/3

	MCS 4
	QPSK, R=1/2

	MCS 3
	QPSK, R=1/3

	MCS 2
	QPSK, R=1/4

	MCS 1
	QPSK, R=1/3, 2x repetition

	MCS 0
	QPSK, R=1/4, repetition 2x


Without IC-FFR/FTR, all MCS regions are used. With IC-FFR/FTR, MCS2 through MCS7 are applied to cell interior UEs and MCS2 through MCS 4 and MCS6 are applied to cell edge ones.
TDM between control and data channels was assumed but practically the same performance should be expected for FDM (the link level BLER difference is small [6]).

Based on the number of signaling bits for Cat1 of DL grants and for the UL grants (e.g. [7]), the mapping between the required number of RBs and the number of scheduled UEs is derived. The UL and Cat1 of DL grants are jointly coded to exploit the coding gain of the larger codewords, increase the population of MCS regions, and avoid additional CRC bits. For simplicity, joint DL and UL system level simulations were not considered. Instead, only DL system level simulations were conducted and whenever a DL grant could be scheduled in a particular MCS region, an UL grant was assumed to also be scheduled in the same MCS region. Table 3 shows the total number of control channel bits for various numbers of DL/UL grants, including a 16-bit CRC.
Table 3: Number of Bits for SCCH Category 1 with joint DL and UL coding.

	DL/UL Grants
	1
	2
	3
	4
	5
	6
	7
	8

	Bits Number
	65
	114
	139
	188
	213
	238
	263
	312

	DL/UL Grants
	9
	10
	11
	12
	13
	14
	15
	16

	Bits Number
	337
	362
	387
	412
	437
	462
	487
	536


The number of required RBs depends on the selected MCS. Integer mapping is assumed, i.e. a given number of DL/UL grants are mapped to an integer number of RBs. The SCCH granularity is therefore 1 RB. Puncturing or repetition is assumed to fit the SCCH into an integer number of RBs depending, correspondingly, on whether the remainder is smaller than or larger than 0.5 RBs (e.g. if 3.7/3.2 RBs are needed, 4/3 RBs are assumed for transmission). However, the MCS BLER curves were not adapted to the puncturing or repetition that was assumed in the simulations.
The mapping process of DL/UL grants to MCS regions is as follows:

a) Based on the reported CQI and the scheduled UEs, the maximum number of DL/UL grants that can be transmitted with the highest MCS is first determined. The criterion is the fulfillment of the target 1% BLER.
b) Distributed RBs are assumed for each MCS region to maximize frequency diversity. For example, for 8 MCS regions and without IC-FFR/FTR, the RBs of the highest MCS region are interleaved by 8 RBs (e.g. they are the 2nd, 10th, etc.). With IC-FFR/FTR, the reserved RBs are also considered when placing the RBs for each MCS region.
c) After the scheduler has determined the DL/UL grants that can be transmitted with the highest MCS, it removes the corresponding UEs and RBs from further consideration, and continues by determining the highest number of remaining UEs whose DL/UL grants can be transmitted with the second highest MCS.

d) The process continues in a similar manner until all DL/UL grants are placed into an MCS and corresponding RBs or until the lowest MCS is considered. The number of available RBs may also be optionally limited to the ones corresponding to a given number of OFDM symbols.

3. SCCH Category 1 Signaling Requirements
Figures 1, 2 and 3 show, respectively, the CDFs for the number of scheduled UL/DL UEs and the RBs required for DL/UL grant transmission for 10, 20, and 40 active UEs in the serving sector. The impact from the absence of the highest considered MCS (only for cell interior UEs in case of IC-FFR/FTR) is also examined in order to provide an indication of the impact from a lower MCS number. 
At the 50% CDF point, representing the average number of scheduled UEs and the average number of required RBs, it is observed that for both the absence and presence of IC-FFR/FTR, the transmission can be achieved in about 1 OFDM symbol or less (24 375 KHz RBs at 10 MHz). 

The case of 40 UEs represents large multi-user diversity and, without scheduler restrictions, many UEs may be scheduled for DL and UL transmission potentially resulting into substantially large SCCH size. A tradeoff between the operation of a PF scheduler (potential restrictions on the maximum number of scheduled UEs) and the resulting SCCH size should be further studied in order to optimize the achievable throughput. This is particularly applicable to TTIs where the SCCH for most of the scheduled UEs requires low MCS for its transmission.
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Figure 1: CDF of scheduled DL/UL UEs and RBs with/out IC-FFR/FTR - 10 UEs.
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Figure 2: CDF of scheduled DL/UL UEs and RBs with/out IC-FFR/FTR - 20 UEs.
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Figure 3: CDF of scheduled DL/UL UEs and RBs with/out IC-FFR/FTR - 40 UEs.
Comparing the performance with and without IC-FFR/FTR, it is observed that IC-FFR/FTR offers substantial savings as gains in the lower geometry range correspond to significant increase in the employed MCS. Avoiding the lowest MCS regions involving repetition is crucial in achieving good spectral efficiency and limiting the SCCH size as these MCS regions are very costly in resources.
Although the previous Figures may at a first glance suggest that IC-FFR/FTR reduces the SCCH size at the 50% CDF point by 2-3 RBs, this is achieved by simultaneously scheduling a larger number of UEs. For the same number of DL/UL scheduled UEs (e.g. the ones at the 50% CDF without IC-FFR/FTR), the gains range between 6 to 9 RBs for 10 to 40 active UEs, respectively.

The impact on the signaling requirements from not having the highest MCS region (among the examined ones) is minimal without IC-FFR/FTR as these requirements are dominated by the lowest MCS regions involving repetition and having very low spectral efficiency. With IC-FFR/FTR however, when the number of scheduled DL/UL UEs is relatively small, about 1 RB can be gained on average from utilizing the highest MCS for cell interior UEs. 

The next section provides some further insight for possible optimizations in selecting the MCS regions.    
4. UE Distribution in MCS Regions
An indication for the UE distribution in the selected MCS regions can be obtained from the link level results by comparing the SINR required to achieve 1% BLER for the various MCS and the UE geometry distribution. However, system level results also capture the PF scheduler operation, which increases the likelihood that UEs at good SINR conditions are selected, and provide better insight and accurate description of the UE distribution into the various MCS regions.
Figures 4-6 show the UE distribution in the various MCS regions with and without IC-FFR/FTR.  
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Figure 4: Distribution of DL/UL Cell Interior UEs and RBs in MCS regions. IC-FFR/FTR -40 UEs.
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Figure 5: Distribution of DL/UL Cell Edge UEs and RBs in MCS regions. IC-FFR/FTR - 40 UEs.
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Figure 6: Distribution of DL/UL UEs and RBs in MCS regions. No IC-FFR/FTR - 40 UEs.

Optimization for the number of MCS regions may depend on the maximum number of scheduled UEs and the operating bandwidth. For example, for small bandwidths, as the total number of simultaneously scheduled DL/UL UEs is small, it may be preferable to reduce the MCS regions in order to achieve larger codewords and signaling efficiencies. Also, with IC-FTR, this can be accomplished on a dynamic basis as during certain TTIs, cell edge UEs are scheduled while cell interior UEs are scheduled during the remaining TTIs. For 10 MHz operating bandwidth and joint coding of DL/UL grants, the full range of MCS regions can be used as the resulting Cat0 overhead is not large [8] and there are enough UEs to populate the MCS regions and provide large codewords to obtain the gains from turbo coding.   
5. Additional Statistics
Additional statistics are briefly presented for the transmission of DL/UL grants in multiple MCS regions. Table 4 shows the probability that the actual BLER exceeds 1% due to CQI estimation errors and reporting delay. In general, the probability of BLER > 1% increases with the MCS region but it remains very low to have any appreciable performance impact. 
Table 4: Probability of SCCH Category 1 BLER Exceeding 1%.
	
	MCS0
	MCS1
	MCS2
	MCS3
	MCS4
	MCS5
	MCS6
	MCS7

	No IC-FFR/FTR
	0.1%
	0.1%
	0.3%
	0.2%
	0
	0.8%
	0.8%
	0.7%

	IC-FFR/FTR   (cell interior)
	-
	-
	0.2%
	0.2%
	0.4%
	0.8%
	0.8%
	0.7%

	IC-FFR/FTR   (cell edge)
	-
	-
	0.3%
	0.5%
	0.6%
	-
	0.8%
	-


Another statistic is the probability that the lowest MCS region is not adequate for transmission with 1% BLER. This probability was found to be contained below 0.1%.
6. Conclusions
This contribution examined the transmission of DL/UL grants through joint coding in multiple MCS regions with and without interference co-ordination via system level simulations. The main conclusions can be summarized as follows (results apply to 10 MHz bandwidth):

a) IC-FFR/FTR is particularly beneficial to SCCH transmission as it avoids repetition coding, and for the same number of scheduled UEs, results to gains approaching half OFDM symbol. 

b) Without IC-FFR/FTR, scheduling of about 12 simultaneous DL and UL transmissions can be supported with SCCH size of about 1 OFDM symbol (on average). 

c) With IC-FFR/FTR, scheduling of about 16 simultaneous DL and UL transmissions can be supported with SCCH size slightly larger than 1 OFDM symbol (on average).
d) Scheduler restrictions for the maximum number of simultaneously scheduled DL and UL UEs are needed to limit the SCCH size.

Considering that: 

i) size of Cat2/3 is smaller than Cat1 for DL grants and its transmission may be more efficient  

ii) SCCH Category 0 requires about 3 375 KHz RBs (about 7 180 KHz RBs or 14% of 1 OFDM symbol) [8]

it can be concluded that an acceptably large number of DL/UL grants can be supported with joint coding in multiple MCS regions while maintaining an SCCH size of less than 2 OFDM symbols. Including the RS and other control channels (paging, ACK/NAK), the control channel transmission can be accommodated in 3 OFDM symbols without scheduler restrictions. The SCCH overhead will be further reduced since some UEs can have durations of assignment longer than 1 TTI.  
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