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1. Introduction
This contribution examines the throughput versus cost tradeoff for sub-frame Cat0 transmission (“sub-frame Cat0”) and slower Cat0 transmission in the BCH (“BCH Cat0”). 
2. Throughput Gain versus Cost Tradeoff
2.1. Mean Variation of L1/L2 Control Channel Size

In [1], the sub-frame Cat0 throughput gain versus transmission cost tradeoff was evaluated relative to the mean variation of the L1/L2 control channel size per sub-frame. The simulations considered several assumptions leading to the minimum possible variability of the L1/L2 control channel size, in order to correspondingly determine the minimum throughput gain from sub-frame Cat0, including: 

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 and full buffer traffic.

Sub-frame Cat0 was assumed to inform of the number of DL and UL scheduled UEs in each MCS and transmitted with QPSK, rate 1/6. This is the worst case scenario for the sub-frame Cat0 transmission cost as the lowest SINR of a scheduled UE practically always exceeded the SINR (~ -3.5 dB) required for 1% BLER (substantial power savings were on average possible for the sub-frame Cat0). Therefore, the evaluation in [1] provided the minimum net throughput gains from sub-frame Cat0 and for ease of reference they are again shown in Table 1.
	Setup
	Net Throughput Gain

	10 MHz, 2 MCS regions
	2.4%

	10 MHz, 3 MCS regions
	1.8%

	5 MHz, 2 MCS regions
	1.8%

	5 MHz, 3 MCS regions
	1.5%


Table 1: Minimum Net Throughput Gain vs L1/L2 Control Variability for Sub-Frame Cat0.

As previously mentioned, the evaluation in [1] considered the mean variation of the L1/L2 control channel size in determining the throughput tradeoff from sub-frame Cat0. As such, it does not provide a direct comparison to the option of having BCH Cat0. This is now further analyzed. 
2.2. Comparison of Sub-Frame Cat0 and BCH Cat0 – UEs with Same Data Rate
The simulation assumptions are provided in the Appendix. They are similar to the ones in [1] but an additional restriction is placed in that the L1/L2 control channel is always confined within the first 3 OFDM symbols of the sub-frame and the RS overhead for 2 Tx antennas is also considered (1/3 OFDM symbol leaving a maximum of 2 2/3 OFDM symbols for the L1/L2 control channel). Confining the L1/L2 control channel within 2 2/3 OFDM symbols is achieved through concurrent DL and UL scheduling and having the PF scheduler operation interrupted when an additional scheduling grant violates the restriction on the L1/L2 control channel size. If this occurs, the PF scheduler re-allocates all RBs to the already selected UEs for scheduling by re-executing the PF metric calculation. The scheduling of DL and UL UEs was performed in an alternate fashion (the condition for the L1/L2 control size was checked after a DL grant, followed by an UL grant, followed by the next DL grant, etc). 
BCH Cat0 cannot adapt to the number of scheduled UEs and for moderate/large system loads it always needs to specify the maximum control channel size which is assumed to be 2 2/3 OFDM symbols. Also, BCH Cat0 will be assumed to have no cost.
Figure 1 shows the CDF of the L1/L2 control channel size and its mean value for 3 MCS (QPSK with r=1/6, r=1/3, and r=2/3) at 5 MHz and 10 MHz with the restriction that the maximum number of DL or UL UEs is respectively 6 and 12 [2]. The difference between the mean values and the maximum value of 2 2/3 OFDM symbols is 0.75 OFDM symbols at 5 MHz and 0.56 OFDM symbols at 10 MHz. This difference also corresponds to the throughput loss from the inflexibility in the L1/L2 control channel size resulting for having BCH Cat0. 
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Figure 1: CDF of L1/L2 Control Channel Size at 5 MHz and 10 MHz.
For 3 MCS, sub-frame Cat0 is assumed to require 3 bits per MCS at 10 MHz and 2 bits per MCS at 5 MHz, for each link (DL or UL), for a corresponding size of 18 bits and 12 bits, respectively. Assuming tail biting and noting that Cat0 does not need CRC, sub-frame Cat0 with QPSK, r=1/6 requires 36 sub-carriers at 5 MHz and 54 sub-carriers at 10 MHz or 0.12 and 0.09 OFDM symbols, respectively. It should be noted that for practically all scheduling instances, sub-frame Cat0 could be transmitted with less than full power as the worst SINR of scheduled UEs exceeded the one required for sub-frame Cat0 to achieve 1% BLER with QPSK, r=1/6. The number of bits for sub-frame Cat0 may be further reduced as for example when interference co-ordination is applied to the L1/L2 control channel transmission where the MCS may be reduced from 3 to 2 (the lowest MCS of QPSK, r=1/6 is not necessary).

Table 2 summarizes the throughput loss from BCH Cat0 and the cost of sub-frame Cat0. Sub-frame Cat0 results to a net throughput gain of 6.3% at 5 MHz and 4.7% at 10 MHz. This assumes a 28.6% overhead (for control, RS, etc.) or 4 OFDM symbols per sub-frame. 
Table 2: Metrics for BCH Cat0 and Sub-frame Cat0.
	BW
	Throughput Loss from BCH Cat0
	Sub-Frame Cat0 Transmission Cost
	Sub-frame Cat0 Net Throughput Gain

	5 MHz
	0.75 OFDM Symbols
	0.12 OFDM Symbols
	6.3% (0.63 OFDM Symbols)

	10 MHz
	0.56 OFDM Symbols
	0.09 OFDM Symbols
	4.7% (0.47 OFDM Symbols)


2.3. Comparison of Sub-Frame Cat0 and BCH Cat0 – UEs with Different Data Rates
In order to obtain some further insight on the behavior of the L1/L2 control channel for a realistic system supporting a mixture of data rates, the system simulations were repeated with the additional condition that 1/4 of UEs require three times the data rate than the remaining 3/4. This was captured in the simulations by adding only one third the value in the PF metric of a former (“high” rate) UE when it was scheduled. The corresponding CDF of the L1/L2 control channel size distribution is given in Figure 2 and the corresponding performance metrics are given in Table 3. 
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Figure 2: CDF of L1/L2 Control Channel Size at 5/10 MHz. 25% of UEs with 3x Data Rate.
Table 3: Metrics for BCH Cat0 and Sub-Frame Cat0.
	BW
	Throughput Loss from BCH Cat0
	Sub-frame Cat0 Transmission Cost
	Sub-frame Cat0 Net Throughput Gain

	5 MHz
	1.03 OFDM Symbols
	0.12 OFDM Symbols
	9.1% (0.91 OFDM Symbols)

	10 MHz
	0.75 OFDM Symbols
	0.09 OFDM Symbols
	6.6% (0.66 OFDM Symbols)


Clearly, the multiplexing of high rate and low rate UEs will lead to higher variability for the L1/L2 control channel size and therefore make BCH Cat0 highly inefficient and sub-frame Cat0 significantly better in terms of throughput. Additional variability may be introduced by considering different types of services (prioritizing UE transmission in addition to having different data rates) but the relative performance difference of the two options is already apparent. 
3. Conclusions
This contribution examined the throughput loss from having BCH Cat0 versus the transmission cost from having sub-frame Cat0. In particular, system simulations showed that:

a) The throughput gain versus transmission cost tradeoff is substantially in favor of sub-frame Cat0 even under conditions resulting to minimum L1/L2 control channel variability per sub-frame (BCH Cat0 transmission was assumed to be for “free”). This was also shown in [3].
b) In practical systems supporting UEs with variable data rate requirements, the L1/L2 control channel variability per sub-frame increases and sub-frame Cat0 offers dramatic net throughput gains over BCH Cat0. 

In addition to the net throughput gains, sub-frame Cat0 also minimizes the number of blind decoding operations the UE needs to perform which leads to simplest decoding and improved robustness against false CRC passes [3], can immediately adapt to any systems changes or variability in services, thereby providing robust L1/L2 control channel adaptation without latency, and leads to the simplest mapping/multiplexing of the L1/L2 control channel [4]. As the purpose of Cat0 is to track the MCS and number of DL/UL scheduling grants that occur per sub-frame (dimension the control channel), placing it on the BCH is ineffective. 
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Appendix: Simulation Assumptions

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 QPSK with rate 1/6, 1/3, and 2/3. The link level simulation results mapping the DL L1/L2 control channel BLER to the average channel SINR can be found in [1]. 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.
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