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1. Introduction
This contribution examines three important aspects related to the DL L1/L2 control channel. The first is its size and whether it can be confined within 3 OFDM symbols. The second is the number of MCS regions required to efficiently dimension the DL L1/L2 control channel to minimize its overhead and meet the desired goal of limiting its occupancy within the first 3 OFDM symbols. The third is the statistics for the variation of the DL L1/L2 control channel size between consecutive sub-frames which is one of the factors that can be used to determine whether Cat0 transmission is needed in every sub-frame or less often. The overall implications of the Cat0 transmission rate are also examined.
The evaluation considers both an unrestricted scheduled number of UEs and restrictions as they have been evaluated in [1]. Various combinations for the modulation and coding schemes and their number are examined as the more the MCS, the smaller the L1/L2 control size but the larger the impact of CQI errors (the same applies for transmission power control) and possibly the larger the receiver complexity. 

2. Simulation Assumptions

Link level simulations are first performed to map the DL L1/L2 control channel BLER to the average channel SINR. Distributed L1/L2 control channel transmission over the entire operating BW is assumed is order to capture the frequency diversity of the channel. This transmission may be RB based in order to have seamless allocation of the unoccupied OFDM symbol to data (no extra signaling is required, the UE simply knowing the L1/L2 control channel size through Cat0 can interpret the duration of its RB assignments). Separate coding is assumed and for the DL and UL scheduling grants and all categories are jointly coded into a single codeword. The link level simulation assumptions are given in Table 1.

	Parameter
	Assumption

	Bandwidth
	10 MHz (2.0 GHz)

	L1/L2 Control Channel Multiplexing
	TDM, Separate Codewords

	L1/L2 Control Channel Raw Information Bits
	58

	Channel Model
	TU6, 10 Kmph

	Antenna Configuration
	1 or 2 (SFBC) at Transmitter, 2 at Receiver

	RS Overhead
	4.76% (1 Tx), 9.52% (2 Tx)

	RS Power Boost
	0 (1 Tx),  3 dB (2 Tx)

	Channel Estimation
	Time Interpolation/Averaging
	Linear – Doppler dependent coefficients

	
	Frequency Interpolation
	Least Squares

	Coding
	Convolutional Code, Tail Bits Included


Table 1: Link Level Simulation Assumptions.
Figure 1 presents the DL L1/L2 control channel BLER with/out transmitter antenna diversity for the MCS listed in Table 2. The corresponding BLER to SINR mapping was used in the system simulations to determine the DL L1/L2 control channel size. The differences for variations of the codeword size between 34 and 58 raw information bits, corresponding to the smallest (UL grant at 5 MHz) and largest (DL grant at 10 MHz) values, were not significant and were incorporated in the system simulations. 
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Figure 1: L1/L2 Control Channel BLER for various MCS.
Table 2: Link Level Simulation Assumptions.
	L1/L2 Control Channel MCS for Evaluation

	MCS1
	QPSK, r = 1/3, 2x repetition

	MCS2
	QPSK, r = 1/3

	MCS3
	QPSK, r = 1/2

	MCS4
	QPSK, r=2/3 (or QAM16, r = 1/3)

	MCS5
	QAM16, r = 1/2


The system simulation assumptions are given in Table 3. The maximum number of scheduled UEs is restricted to 6 for 5 MHz and 12 for 10 MHz.

	Parameter
	Assumption

	Bandwidth (BW)
	5 MHz, 10 MHz

	Evaluation Scenarios
	Cases 1 and 3 from 25.814

	Channel Model
	TU6, 3 Kmph

	Number of Uniformly Distributed UEs per Cell
	10, 15 at 5 MHz   -   15, 30, 45 at 10 MHz

	Maximum Number of Scheduled UEs
	6 at 5 MHz, 12 at 10 MHz

	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) – DL only

	CQI Reporting delay
	2.0 msec (2 Sub-Frames)

	Channel and CQI Estimation
	Actual, based on link simulations

	Scheduling algorithm
	Proportional Fair

	Target BLER
	10%

	HARQ
	Chase combining

	SINR to BLER mapping
	Exponential, as in 25.892

	Number of antennas
	1 transmitter, 2 receiver

	Traffic model
	Full queue traffic


Table 3: System Level Simulation Assumptions.
3. L1/L2 Control Channel Size
The L1/L2 control channel size distribution is evaluated under several combinations for the MCS regions and their number. Clearly, in order to minimize the size, the number of MCS regions should be large enough to capture the SINR distribution experienced by UEs and thus optimize the spectral efficiency. However, several practical limitations exist such as CQI unavailability over the entire BW (e.g., “best M” or progressive DCT CQI reporting), CQI errors (MCS separation should not be too close in terms of the SINR required to obtain 1% BLER), and receiver complexity. To address these issues and conform with the spirit (and letter) of the decisions in the previous meeting (“at least two MCS exist for the L1/L2 control channel”), the possible numbers of examined MCS regions are 2, 3, and 4.  

An indication for the MCS region arrangement for the present evaluations can be obtained from the BLER vs SINR results from Figure 1 and the geometry CDF in Figure 2 for Case 3 in 25.814 (the geometry CDF for Case 1 is similar). Of course, the geometry CDF for Cases 1 and 3 is not expected to hold in general, but the selected MCS can be adjusted for the particular geometry CDF. 
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Figure 2: Geometry CDF for Case 3.

This contribution focuses on the system operation without interference co-ordination. A first observation is that the lowest MCS (QPSK, rate 1/3 with 2 repetitions) is not adequate to cover the weakest 10% of UEs or an even a larger percentage of UEs if CQI errors or incomplete CQI reports over the operating BW are accounted for. However, this can be compensated through transmission power control (TPC) by stealing power from the other MCS regions. To ensure robust L1/L2 control design, the remaining MCS region(s) should be selected so that there is enough margin for power to be stolen from UEs in better SINR conditions. For example, for 2 MCS regions with QPSK, rate 1/3 and 2x repetitions being one MCS region for SINRs below -0.6 dB, the other MCS region can be QPSK, rate 1/2 for SINRs above -0.6 dB. 
The objective is to avoid using 3 or 4 repetitions as they are very costly for the L1/L2 control size and are not practically needed (the only case is when all or the vast majority of scheduled UEs experience SINR below -3 dB and a somewhat higher L1/L2 control BLER may have to be tolerated if scheduler constraints are to be completely avoided). Also, the MCS with QPSK, rate 1/3, and 2 repetitions does not heavily rely on TPC (as a higher MCS does) and interference conflicts among codewords transmitted to cell edge UEs from different Node Bs (TPC is then ineffective) are largely suppressed.

In all the selected MCS combinations, with the exception of the single QPSK, r=1/3 MCS, there was always enough transmission power for the L1/L2 control to meet the 1% BLER. For the single QPSK, r=1/3 MCS, scheduling was allowed to occur even when the available power was not enough for 1% BLER (this happens when the majority of scheduled UEs are in the lower 1/3 of the geometry CDF).  

The excess power was determined through the SINR experienced by each scheduled UE after adjusting for the SINR requirement for the given MCS at 1% BLER. CQI errors were always modeled. The excess power, which can be distributed per codeword, was kept to provide robustness and margin for practical inaccuracies and was not given to lower MCS codewords in order to transmit them with the next higher MCS (a few such upgrades were occasionally possible while still maintaining some excess power per codeword). The excess power per codeword was also intended to address the fact that many UEs will experience less frequency selective channels than TU6 and therefore require higher SINR for 1% BLER than indicated in Figure 1. Further progress on the expected practical CQI errors and for worst channel selectivity cases is needed before a more detailed evaluation can be done. Nevertheless, certain conclusions regarding the number of MCS and the L1/L2 control size can be reached. 
A second observation relates to the number of UEs located in different SINR regions. The MCS should be selected so that a large number of UEs is captured by each of them. For example, from Figure 1 and Figure 2 and for 2 MCS regions, if QPSK rate 1/3 with 2x repetition is used as one MCS for SINRs below -0.6 dB, QPSK rate 1/2 can be selected as the other MCS for SINRs above -0.6 dB (TPC can compensate for the larger and smaller SINRs relative to the one for 1% BLER). MCS regions with large code rates should be avoided as OFDM benefits from diversity (a low code rate is a form of diversity) and performance in relatively flat channels with high code rates (above 2/3) is poor for low BLERs. 
The raw codeword size for 10 MHz operating BW is assumed to be 58 bits for DL grants and 36 bits for UL grants [2]. For 5 MHz operating BW, it is 45 bits for DL grants and 34 bits for UL grants. The examined MCS combinations for the L1/L2 control are given in Table 4. The case of 5 MCS regions is intended to provide a lower bound for the L1/L2 control size as it captures the SINR CDF very closely and TPC is largely unnecessary.
	Number of MCS
	MCS Combination
	SINR Area

	1
	QPSK, rate 1/3
	Entire CDF

	2
	QPSK rate 1/3 and 2 repetitions
	SINR < - 0.6 dB

	
	QPSK rate 1/2
	SINR > -0.6 dB

	3
	QPSK rate 1/3 and 2 repetitions
	SINR < -0.6 dB

	
	QPSK rate 1/3
	-0.6 dB < SINR < 5.5 dB

	
	QPSK rate 2/3
	SINR > 5.5 dB

	4
	QPSK rate 1/3 and 2 repetitions
	SINR < -0.6 dB

	
	QPSK rate 1/3
	-0.6 dB < SINR < 1.8 dB

	
	QPSK rate 1/2
	1.8 dB < SINR < 5.5 dB

	
	QPSK rate 2/3
	SINR > 5.5 dB

	5
	QPSK rate 1/3 and 2 repetitions
	SINR < -0.6 dB

	
	QPSK rate 1/3
	-0.6 dB < SINR < 1.8 dB

	
	QPSK rate 1/2
	1.8 dB < SINR < 5.5 dB

	
	QPSK rate 2/3
	5.5 dB < SINR < 7.7 dB

	
	QAM16 rate 1/2
	SINR > 7.7 dB


Table 4: MCS Combinations.

Figure 3 presents the CDF for the L1/L2 control channel size for the number of MCS regions in Table 4 and for 5 MHz and 10 MHz operating BW. As previously mentioned, the number of scheduled UEs is restricted to 6 at 5 MHz and 12 at 10 MHz in each (DL or UL) direction. 
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Figure 3: CDF of the L1/L2 Control Channel Size at 5 MHz and 10 MHz.
Several observations can be made: 
a) With single MCS (QPSK, r=1/3), the average L1/L2 control overhead is about 20%-22%. However, the power required to transmit to UEs with SINR below 0 dB was often unavailable.

b) As the number of MCS increases, the average L1/L2 control overhead decreases and for 3 MCS it becomes about 16.5%-17.5% for an average BW occupancy gain over 1 MCS of 4% (in addition to the reduction in the magnitude of power variations due to TPC). Additional reduction is possible with application of TPC to transmit L1/L2 codewords with higher MCS.
c) For 5 MCS regions capturing (optimistically) the entire SINR CDF (TPC in this case can offer only marginal reduction in L1/L2 control size), considering the RS overhead in the first 3 OFDM symbols (1/3 OFDM symbol with 2 Tx antennas, 2/3 OFDM symbol with 4 Tx antennas), ensuring that the L1/L2 control is always within 3 OFDM symbols is not possible. This applies without even including other overhead (RACH response, BCH/SCH, etc.).

d) Multiple MCS may result in a L1/L2 control size larger than the one achieved with single MCS of QPSK, r=1/3 due to the inclusion of QPSK, r=1/3 and 2x repetition in the multiple MCS set. 
e) As previously mentioned, TPC of limited range (to avoid large interference variations) needs to be judiciously applied to further exploit the excess power resulting from the selected MCS, increase the L1/L2 control transmission power to some UEs, and use a higher MCS. Nevertheless, TPC is not part of the specifications and for the case of 2 MCS (which are already selected to rather aggressively exploit TPC), it is highly unlikely that even more aggressive TPC can provide L1/L2 control size that is always less than 2.5 OFDM symbols in order to limit L1/L2 control in the first 3 OFDM symbols after accounting for other overhead.
Based on the above observations, the following recommendations can be made:

a) Relaxing the L1/L2 control channel occupancy constraint from n<=3 to n<=4 OFDM symbols. This practically maintains all advantages of TDM while avoiding unnecessary complications. The n<=4 assumption should be further verified with MU-MIMO as the maximum number of scheduled UEs may need to be larger than assumed in this contribution.
b) Use of 3 MCS. For single modulation, QPSK with code rates of 1/3 with 2x repetitions, 1/3, and 2/3 can be selected. For single code rate, QAM16, r=1/3 may be used instead of QPSK r=2/3. Application of 4 MCS should be further considered. However, effectively capturing the entire SINR CDF would require that 16QAM modulation is used which cannot be combined with TPC (unless TPC is used only for MCS with QPSK modulation).
Also, although not explicitly shown, restricting the maximum number of scheduled UEs is essential to reduce the maximum L1/L2 control channel occupancy (the average is not significantly affected).
4. Category 0 Transmission Rate
The benefits of having multiple MCS to transmit the L1/L2 control channel and the minimization of its overhead require the transmission of a field, referred to as Cat0, specifying the number of DL and UL scheduled UEs in each MCS region (that is the size of each MCS region), or the total L1/L2 control channel size. Currently, several possibilities are under consideration for the Cat0 transmission rates including transmission every sub-frame and less frequent transmission such as in the BCH. 
Before proceeding to quantitative evaluation, qualitative analysis can also be used to provide insight on the required Cat0 transmission rate. Several aspects need to be addressed:

a) For Cat0 in every sub-frame, the L1/L2 control can immediately adapt to any system changes, thereby providing robust L1/L2 control adaptation with minimum latency. This is advantageous in practice as UE data rate requirements differ and variations in the L1/L2 control channel size are larger than captured in simulations which typically consider the same service (full buffer, HTTP, FTP, etc.). For example, in one sub-frame a few high rate UEs (and a few low rate UEs) may be scheduled, followed by many low rate UEs in the next sub-frame, etc. The tradeoff of Cat0 in every sub-frame is the increased overhead. This tradeoff is later evaluated in detail.
b) Cat0 transmission at any rate near or exceeding the CQI update rate (e.g. in the BCH) is of no use as the scheduler cannot predict which UEs will be scheduled except possibly for very few sub-frames after the Cat0 transmission. Also, the ability of the scheduler to predict any assignments beyond the current sub-frame should be carefully considered as its burden is already large (to perform timely 2D time-frequency optimization in both DL and UL over many UEs especially for the larger BWs – this task is much more difficult than in HSDPA).

c) For Cat0 in the BCH (or any rate substantially lower than the sub-frame one), the L1/L2 control size cannot exceed the one specified by the last Cat0 transmission. As the scheduler cannot possibly predict future assignments, the actual size during intermediate sub-frames will often be smaller leading to BW waste, or larger leading to throughput diminishing scheduler restrictions as the corresponding L1/L2 control cannot be accommodated. 
The variability in the L1/L2 control size was evaluated through system simulations. The assumptions were so that the minimum possible variability occurred in order to determine the smallest gain from having Cat0 transmission per sub-frame. In particular, the following were considered:

a) Constant total number of active UEs throughout the duration of the simulations (20 seconds). 
b) Restricted max number of scheduled UEs per sub-frame to 6 for 5 MHz and 12 for 10 MHz. 
c) Same data rate requirements for all UEs.

d) Full buffer traffic.

e) Large number of active UEs for the given BW. 

f) No MU-MIMO (which may possibly substantially increase the max number of scheduled UEs).
The CDF for the L1/L2 control channel size variation per sub-frame is shown in Figure 4 for 5 MHz and 10 MHz scheduling BWs. The mean variation is also provided in Table 5. 
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Figure 4: CDF of the L1/L2 Control Channel Variation per Sub-frame at 5 MHz and 10 MHz.
Table 5: Mean Variation in L1/L2 Control Channel Size per Sub-frame.

	Setup
	Mean L1/L2 Control Variation (OFDM Symbols)

	10 MHz
	2 MCS regions
	0.29-0.35 (15-45 active UEs, respectively)

	
	3 MCS regions
	0.25-0.29 (15-45 active UEs, respectively)

	5 MHz
	2 MCS regions
	0.29-0.30 (10-15 active UEs, respectively)

	
	3 MCS regions
	0.26-0.27 (10-15 active UEs, respectively)


To obtain the cost of Cat0 in every sub-frame, certain assumptions are needed and they are summarized in Table 6. Notice that based on Figure 1 and Figure 2, the MCS for Cat0 transmission is rather conservative, especially since Cat0 needs to be received only by scheduled UEs and can easily benefit from TPC. CRC is not needed as it exists in the individual codewords. 
Table 6: Cat0 Transmission Assumptions (per sub-frame)
	Parameter
	Cat0 Coding with Tail Bits
	Cat0 Coding with Tail-Biting

	Cat0 MCS
	QPSK, rate 1/3 and 2 repetitions
	QPSK, rate 1/3 and 2 repetitions

	Bits per L1/L2 MCS – 10 MHz
	4 for 2 L1/L2 MCS
	4 for 2 L1/L2 MCS

	
	3 for 3 L1/L2 MCS
	3 for 3 L1/L2 MCS

	Bits per L1/L2 MCS – 5 MHz
	3 for 2 L1/L2 MCS
	3 for 2 L1/L2 MCS

	
	2 for 3 L1/L2 MCS
	2 for 3 L1/L2 MCS

	Tail and CRC Bits
	8 tail bits, no CRC bits
	No tail bits, no CRC bits

	Cat 0 Size – 10 MHz – 2 L1/L2 MCS
	72 sub-carriers (0.12 OFDM symbols)
	48 sub-carriers (0.08 OFDM symbols)

	Cat 0 Size – 10 MHz – 3 L1/L2 MCS
	78 sub-carriers (0.13 OFDM symbols)
	54 sub-carriers (0.09 OFDM symbols)

	Cat 0 Size – 5 MHz – 2 L1/L2 MCS
	60 sub-carriers (0.20 OFDM symbols)
	36 sub-carriers (0.12 OFDM symbols)

	Cat 0 Size – 5 MHz – 3 L1/L2 MCS
	60 sub-carriers (0.20 OFDM symbols)
	36 sub-carriers (0.12 OFDM symbols)


From the BW efficiency perspective, Cat0 in every sub-frame is beneficial, as even the average minimum L1/L2 control variability outweighs the corresponding Cat0 transmission cost. The BW savings and throughput gains are summarized in Table 7 assuming a total overhead for the RS and control channels of 4 OFDM symbols or 28.6% (9.6% RS, 19% total control). These throughput gains also assume that Cat0 transmission at a lower rate is “free” - this is obviously not the case for Cat0 in the BCH which needs to always be received by all UEs in the cell and, relative to this case, the throughput gains in Table 7 should be increased by at least 10%-20%.
	Setup
	Cat0 Coding with Tail Bits
	Cat0 Coding without Tail Bits

	10 MHz, 2 MCS regions
	0.20 OFDM symbols – 2.0% throughput gain
	0.24 OFDM symbols – 2.4% throughput gain

	10 MHz, 3 MCS regions
	0.14 OFDM symbols – 1.4% throughput gain
	0.18 OFDM symbols – 1.8% throughput gain

	5 MHz, 2 MCS regions
	0.10 OFDM symbols – 1.0% throughput gain
	0.18 OFDM symbols – 1.8% throughput gain

	5 MHz, 3 MCS regions
	0.07 OFDM symbols – 0.7% throughput gain
	0.15 OFDM symbols – 1.5% throughput gain


Table 7: Minimum Mean Throughput Gain from Cat0 Transmission in every Sub-frame.

From the receiver complexity perspective, Cat0 in every sub-frame offers the simplest decoding process with minimum latency as the UE knows exactly the number of L1/L2 control codewords in every sub-frame and each MCS region. Otherwise, the number of decoding operations needs to be larger (possibly substantially so) as given only the total L1/L2 control size, it is not possible to determine how many codewords exist for each MCS and how many are DL or UL ones. In addition to complexity and latency, this will also increase the probability of false CRC passes, especially since the CRC is colored by the UE ID, leading to potentially much higher rate of HARQ buffer corruption. 
From the system perspective, the mapping of DL and UL grants and other control information, such as ACK/NAK, onto physical sets of sub-carriers is also considerably simplified with Cat0 transmission in every sub-frame as implicit mapping can be used between the corresponding resources and the L1/L2 codeword number where a UE finds its DL or UL grant as has been previously proposed (e.g. [3]).  

In addition to bandwidth and receiver complexity benefits, Cat0 in every sub-frame also provides the advantages of allowing for the L1/L2 control transmission to be robust and adapt to any system changes with minimum latency and avoiding placing any scheduler restrictions as it was previously mentioned.   

Therefore, Cat0 transmission in every sub-frame offers a series of important benefits over a slower transmission rate without having any disadvantage. Cat0 transmission should be in every sub-frame. 
5. Conclusions
This contribution examined the required L1/L2 control channel size, the number of MCS, and the Cat0 transmission rate. Based on the analysis and results the following can be concluded:

a) Taking into account the other overhead that exists in the beginning of a sub-frame, the L1/L2 control channel cannot be restricted within 3 OFDM symbols. This is almost never possible with the single MCS of QPSK r=1/3 and it is often not possible with multiple MCS that include repetitions of the previous single MCS (QPSP, r=1/3, 2x).
b) The number of MCS should be larger than 2 if QPSK rate 1/3 with repetition coding is included. Then, 2 additional MCS may be QPSK with code rates 1/3 and 2/3. The possibility for 4 MCS (including 16QAM in one MCS) may be further considered.  

c) Cat0 transmission should be in every sub-frame as even the minimum BW gain from accounting for the minimum L1/L2 control variability per sub-frame offsets the cost of Cat0 transmission in every sub-frame. Also, Cat0 in every sub-frame allows for the simplest receiver operation, can lead to simple physical resource mapping for DL and UL grants with multiple MCS, provides the required robust design for L1/L2 control in practical systems, and avoids placing scheduler restrictions or increasing the scheduler complexity. Cat0 in the BCH is ineffective.  
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