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1 Introduction

In RAN1 #86bis meeting [1], the following agreements on the support of larger max PDSCH/PUSCH TBS for feMTC have been made as enhancements for higher data rate operation:
Agreement:
· Supported modulation schemes for Rel-14 BL/CE UEs:

· PDSCH: QPSK, 16QAM
· PUSCH: QPSK, 16QAM
Agreement:

· Max TBS for 5-MHz Rel-14 BL/CE UEs:

· PDSCH: 4008 bits

· PUSCH: 4008 bits

Agreement:

· Soft buffer size for 5-MHz Rel-14 BL UEs:

· Option 1: N∙96∙⌈(X+28)/32⌉ where N = max number of DL HARQ processes and X = max DL TBS

· Option 2: a smaller value than in Option 1

· Option 2 is agreed

· Details are FFS

With increased max PDSCH/PUSCH TBS, the soft buffer size may also increase. Since soft buffer size is one of the key factors that directly impact the cost of devices, it is desirable to reduce the required soft buffer size for feMTC UEs with larger max TBS. 

Following the RAN1 agreement of specifying soft buffer size for 5 MHz Rel-14 BL UEs that is less than that for FBRM, this contribution discusses the soft buffer requirement for 5MHz Rel-14 BL UEs with larger max PDSCH/PUSCH TBS. We conduct analysis and simulations to compare the performance with different amounts of soft buffer size reductions, for different TBS and resource allocations (e.g., 12 and 24 PRBs) with various repetition levels. Based on the studies, we propose some enhancements to the MCS design to improve the performance with soft buffer reduction. 
2 The Impact of Soft Buffer Size Reduction
In this section, we discuss the impact of soft buffer size reduction on the performance, based on analysis and link-level evaluations. 

The reduction in soft buffer size can leverage the Limited Buffer Rate Matching (LBRM) technique, where the rate matching procedure is such that the storage requirements are reduced by enforcing an earlier wrap-around of the virtual circular buffer, and accordingly, the redundancy version (RV) locations are compressed to ensure all 4 RVs can be fitted within the wrap-around period. If LBRM is adopted as defined for Cat. 3, 4 and 5 UEs, i.e., with a maximum effective mother code rate of 2/3, then the total number of soft channel bits can be reduced to 50% of the soft channel bits with Full Buffer Rate Matching (FBRM).

For max TBS of 4008 bits, the soft buffer size with FBRM can be calculated by Nsoft = N∙96∙⌈(X+28)/32⌉ = 97536, where N = 8 is the max number of DL HARQ processes and X = 4008 is the max TBS. With maximum effective mother code rate of 2/3 for 50% LBRM, the soft buffer size can be reduced to 48768. In this contribution, we consider various amounts of soft buffer size reductions, from 50% reduction to no reduction (i.e., FBRM), i.e. the soft buffer size of interest is from 48768 to 97536. Note that the calculation of soft buffer size in this contribution is based on the assumption of max 8 DL HARQ processes, even though the maximum number of DL HARQ processes is to be increased to 10 for FD-FDD feMTC UEs. 
In the remainder of this section, we will first discuss the case for initial transmission with no repetition, and then study the cases with repetitions and RV cycling. 
2.1 The Impact of Soft Buffer Size Reduction on Initial Transmission with No Repetition
To study the impact of LBRM on the performance of initial transmission, i.e. RV0, without repetition, we conduct the following calculations similar to [2]. To begin with, we summarized the notations as below to facilitate the analysis. 

· Rm,max: maximum effective mother code rate with LBRM, e.g. Rm,max=2/3 for Cat. 3, 4 and 5 UEs.

· TBmax: max TBS, which can be calculated by 
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, where NRB,max is the maximum number of PRBs that can be allocated for transmission, 
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 is the number of REs per PRB, qmax is the maximum modulation order, and Rmax is the maximum coding rate. For example, NRB,max=24, 
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assuming CFI=3 and 2 CRS ports, qmax=4 and Rmax=1/3 for 5MHz BL UEs. 
· B: the soft buffer size per process, which can be calculated by 
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· TB0: a given TBS to be considered, which can be calculated by 
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, where NRB,0 is the number of PRBs that are allocated, q0 is the modulation order and R0 is the coding rate to be used for this TB transmission. 
Thus, the mother code rate for the given TBS transmission is 
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As elaborated in [2], the ratio Rm / R0 indicates the utilization of the soft buffer. When Rm / R0 ≤ 1, it implies that the initial transmission does not exhaust the soft buffer, and thus the performance of LBRM is not expected to be different from FBRM. On the other hand, when Rm / R0 >1, the initial transmission exhausts the soft buffer, which may result in performance degradation for LBRM, compared to FBRM.

Based on the above principle, considering the minimum soft buffer size to be 50% of the soft buffer with FBRM, the TBS with values no more than TBmax / 2 will not be impacted, since Rm / R0  is always less than 1 for these TBS. 
Additionally, given that q0 / qmax ≤1 and Rm / R0 ≤ 2, when the number of PRB allocations satisfy NRB / NRB,max ≤ 1/2, we will always have Rm / R0 ≤ 1. Thus, the transmissions over no more than half of maximum channel BW will not be impacted with the use of LBRM. 
Furthermore, there are certain TBS and PRB allocations such that the ratio Rm / R0 is greater than 1, and LBRM may degrade the performance. For example, with 50% reduction in soft buffer size, if a TBS is transmitted over max channel BW with 16QAM, we have
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which implies that this transmission with LBRM would exhaust the soft buffer, and there would be a gap between the performance of LBRM and FBRM. If we adopt QPSK rather than 16QAM, then we can have Rm / R0 = 1, which implies that the soft buffer is not exhausted and thus no performance differences are expected for LBRM. Figure 1 illustrates such an example, where with TBS=4008 bits transmitted over 24 PRBs, there is a performance gap between LBRM and FBRM for 16QAM since Rm / R0 = 2, while the performance of LBRM and FBRM are almost the same for QPSK as Rm / R0 = 1 in this case. Actually, for LBRM with 50% soft buffer size reduction, when NRB / NRB,max >1/2, we always have Rm / R0 > 1 if 16QAM is used. In other words, for TBS transmission with 16QAM over PRBs more than half of max channel BW, there can be some performance degradation with LBRM compared to FBRM. 
Comparing the performance of QPSK to 16QAM in Figure 1, the QPSK has almost the same performance as 16QAM for transmissions without repetitions. This is true in the case that code rate is not very high with QPSK, where a balance between the better detection performance and less coding gain compared to 16QAM can be obtained for QPSK. In cases with high code rate, the coding gain might be too limited such that the better detection performance with QPSK cannot compensate the loss from coding gain, and the performance with QPSK may be worse than 16QAM. An example of such cases is presented in Figure 2. 

Observation 1

· For TBS less than or equal to half of max TBS, the performance of LBRM is identical to that of FBRM.

· For transmissions over no more than half of the max channel BW, the performance of LBRM is identical to that of FBRM.

· For certain TBS larger than half of max TBS and PRB allocation more than half of the max channel BW, there may exist a performance gap for initial transmission between LBRM and FBRM.
· For Rel-14 5MHz BL UEs with LBRM of 50% soft buffer size reduction, the TBS with TBS index ITBS ( 9 and resource allocation over more than 12 PRBs will be impacted by LBRM, if 16QAM is adopted. 
Observation 2
· For initial transmission without repetitions, QPSK and 16QAM have identical performance if the code rate with QPSK is low-medium.

· For TBS of 4008 over 24PRBs, the coding rate is 69.6% with QPSK and 34.8% with 16QAM. The performance with QPSK and 16QAM are the same.
· For initial transmission without repetitions, QPSK may perform worse than 16QAM if the code rate with QPSK is very high.
· For TBS of 2984 over 13PRBs, the coding rate is 95.6% with QPSK and 47.8% with 16QAM. There is ~3dB loss with QPSK at BLER=10%, compared to 16QAM.
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Figure 1. PDSCH link-level performance for TBS=4008 and 24-PRB allocation with 16QAM and QPSK. As indicated in the first figure, the solid curves with dark color present results with FBRM, the dashed curves present results with 75% LBRM, the solid curves with light color present results with 67% LBRM, and the dotted curves present the results with 50% LBRM. 
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Figure 2. PDSCH link-level performance for TBS=2984 and 13-PRB allocation with 16QAM and QPSK. The solid curves with dark color present results with FBRM, the dashed curves present results with 75% LBRM, the solid curves with light color present results with 67% LBRM, and the dotted curves present the results with 50% LBRM.
2.2 The Impact of Soft Buffer Size Reduction on Transmissions with Repetitions and RV Cycling
In this section, we further explore the impact of soft buffer size reduction on the case with repeated transmissions and RV cycling. 
Besides the evaluations of TBS=4008 over 24 PRBs as shown in Figure 1, we also present the simulation results for TBS=4008 over 12 PRBs, and TBS of 3112 over 12 and 24 PRBs in Figure 3.
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Figure 3. PDSCH link-level performance for TBS=3112 and 4008 over 12 and 24 PRBs. As illustrated in the first figure, the solid curves with dark color present results with FBRM, the dashed curves present results with 75% LBRM, the solid curves with light color present results with 67% LBRM, and the dotted curves present the results with 50% LBRM.
From Figure 1 and Figure 3, it can be seen that with repetitions (RV cycling), there is a performance gap between LBRM and FBRM in the region when IR gains are harvested (i.e., for RL = 2, 4). Comparing different reduction amounts in soft buffer size, we can observe that the gap reduces as the reduction amount in soft buffer becomes smaller. Taking TBS=4008 with 16QAM over 12 PRBs as an example, the gap is ~1dB for LBRM with 1/3 reduction (i.e. 65024 bits) and ~0.7dB for LBRM with 25% reduction (i.e. 73152 bits), for RL=2.  
In addition, comparing performance with QPSK to that with 16QAM in Figure 1, we observe that there is 1-2dB gain from QPSK with repetitions. This is due to that with repetitions and RV cycling, the coding gain that can be achieved with QPSK increases, and when the achievable coding gain from QPSK becomes the same as that from 16QAM, the performance of QPSK would be better than 16QAM due to its better detection performance. This observation can also be made in cases of high code rate, as illustrated in Figure 2, where there is ~2dB gain with QPSK at BLER=10% with repetitions and RV cycling. However, note that for high code rate, the performance of QPSK with no repetition may be worse than that of 16QAM, due to the limited coding gain with QPSK without repetitions. 
Observation 3
· There is some performance gap between LBRM and FBRM mostly when at max TBS for RLs that correspond to the region of IR gains (from RV cycling).
Observation 4
· For cases with repetitions and RV cycling, the performance with QPSK may be better than 16QAM, as the coding gain can be harvested back with RV cycling, while QPSK has better detection/demodulation performance compared to 16QAM.  
Observation 5
· For almost all cases with LBRM, the throughput performance at operating point (e.g., at SNR for 10% BLER) is very similar to FBRM. 

3 Discussion on the Amount of Soft Buffer Size Reduction
Based on the analysis and link-level simulations above, we discuss the soft buffer size reduction amounts to be used for Rel-14 5MHz BL UEs in this section. Moreover, we propose enhancements to the modulation order selection when LBRM is adopted, to reduce the impact from the soft buffer size reduction. 

The performance loss by reducing the soft buffer size to 67% or 75% of the soft buffer size with FBRM is quite small. While there is some performance gap observed with 50% LBRM, these cases are mostly with maximum TBS and thus, in reality, there may not be any significant impact to overall performance, especially with the consideration of the enhancements to the modulation order selection for certain large BW and high ITBS values as elaborated further below.
For cases with Rm / R0  > 1, QPSK instead of 16QAM can be used to reduce the ratio Rm / R0  and to avoid exhausting the soft buffer in the initial transmission itself. Note that this is applicable for cases when the code rate with QPSK is not very high, or with use of repetitions and RV cycling. In case with very high code rate, if QPSK is used and without repetitions, 16QAM may be preferred. 
Table 1 summarizes the MCS design for various TBS and RB allocations, based on the coding rate with QPSK given by Table 2. Specifically, the cases where QPSK should be used rather than 16QAM, and cases where both QPSK and 16QAM can be supported, are summarized below:

· The TBS with ITBS within {9. 10} and resource allocation of 13-25 PRBs only use QPSK.
· The TBS with ITBS=11 and resource allocation of 13-22 PRBs, with ITBS=12 and resource allocation of 13-19 PRBs, or with ITBS=13 and resource allocation of 17 PRBs support both QPSK and 16QAM. The QPSK can be used when repetitions with RV cycling is configured, while 16QAM can be used for no repetition cases.
	ITBS
	NPRB

	
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25

	9
	2024
	2216
	2344
	2536
	2664
	2856
	2984
	3112
	3368
	3496
	3624
	3752
	4008

	10
	2280
	2472
	2664
	2792
	2984
	3112
	3368
	3496
	3752
	3880
	4008
	4008
	4392

	11
	2600
	2792
	2984
	3240
	3496
	3624
	3880
	4008
	4008
	4008/4392 
	4584
	4776
	4968

	12
	2984
	3240
	3368
	3624
	3880
	4008
	4008/4392 
	4584
	4776
	4968
	5352
	5544
	5736

	13
	3368
	3624
	3880
	4008
	4008/4392 
	4584
	4968
	5160
	5352
	5736
	5992
	6200
	6456

	14
	3752
	4008
	4008
	4584
	4968
	5160
	5544
	5736
	5992
	6200
	6456
	6968
	7224

	15
	4008
	4264
	4584
	4968
	5160
	5544
	5736
	6200
	6456
	6712
	6968
	7224
	7736


Table 1. TBS and RB allocations to be considered for performance improvement with LBRM. The orange elements are the cases to use QPSK, green elements are the cases to support both QPSK and 16QAM, and blue elements are the cases to still use 16QAM. 

	ITBS
	NPRB

	
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25

	9
	0.6487
	0.6595
	0.6511
	0.6604
	0.6529
	0.6611
	0.6544
	0.6483
	0.6683
	0.6621
	0.6565
	0.6514
	0.6680

	10
	0.7308
	0.7357
	0.7400
	0.7271
	0.7314
	0.7204
	0.7386
	0.7283
	0.7444
	0.7348
	0.7261
	0.6958
	na

	11
	0.8333
	0.8310
	0.8289
	0.8438
	0.8569
	0.8389
	0.8509
	0.8350
	0.7952
	0.7591
/0.8318
	na
	na
	na

	12
	0.9564
	0.9643
	0.9356
	0.9438
	0.9510
	0.9278
	0.8789
/0.9632
	na
	na
	na
	na
	na
	na

	13
	1.0795
	1.0786
	1.0778
	1.0438
	0.9824
/1.0765
	na
	na
	na
	na
	na
	na
	na
	na

	14
	1.2026
	1.1929
	1.1133
	na
	na
	na
	na
	na
	na
	na
	na
	na
	na

	15
	1.2846
	na
	na
	na
	na
	na
	na
	na
	na
	na
	na
	na
	na


Table 2. The coding rate for corresponding TBS and RB allocations if QPSK is adopted. 
For UEs supporting maximum 10 HARQ processes, to limit the device cost, the soft buffer size is desirable to keep the same as cases with maximum 8 HARQ processes. 

Proposal 1

· The soft buffer size for Rel-14 5MHz BL UEs is 48768 bits. 

Proposal 2
· To improve the performance with LBRM, the following modulation scheme is adopted.
· The TBS with ITBS within {9. 10} and resource allocation of 13-25 PRBs only use QPSK.

· The TBS with ITBS=11 and resource allocation of 13-22 PRBs, with ITBS=12 and resource allocation of 13-19 PRBs, or with ITBS=13 and resource allocation of 17 PRBs support both QPSK and 16QAM.

Proposal 3
· No change in soft buffer size between UEs with 8 and 10 HARQ processes for Rel-14 5MHz BL UEs.
4 Conclusion

In this contribution, we perform the analysis and evaluations on the performance with soft buffer size reduction. Based on the link-level evaluations and discussions, we make the following observations and proposals:

Observation 1

· For TBS less than or equal to half of max TBS, the performance of LBRM is identical to that of FBRM.

· For transmissions over no more than half of the max channel BW, the performance of LBRM is identical to that of FBRM.

· For certain TBS larger than half of max TBS and PRB allocation more than half of the max channel BW, there may exist a performance gap for initial transmission between LBRM and FBRM.

· For Rel-14 5MHz BL UEs with LBRM of 50% soft buffer size reduction, the TBS with TBS index ITBS ( 9 and resource allocation over more than 12 PRBs will be impacted by LBRM, if 16QAM is adopted. 

Observation 2
· For initial transmission without repetitions, QPSK and 16QAM have identical performance if the code rate with QPSK is low-medium.

· For TBS of 4008 over 24PRBs, the coding rate is 69.6% with QPSK and 34.8% with 16QAM. The performance with QPSK and 16QAM are the same.
· For initial transmission without repetitions, QPSK may perform worse than 16QAM if the code rate with QPSK is very high.

· For TBS of 2984 over 13PRBs, the coding rate is 95.6% with QPSK and 47.8% with 16QAM. There is ~3dB loss with QPSK at BLER=10%, compared to 16QAM.
Observation 3
· There is some performance gap between LBRM and FBRM mostly when at max TBS for RLs that correspond to the region of IR gains (from RV cycling).

Observation 4
· For cases with repetitions and RV cycling, the performance with QPSK may be better than 16QAM, as the coding gain can be harvested back with RV cycling, while QPSK has better detection/demodulation performance compared to 16QAM.  
Observation 5
· For almost all cases with LBRM, the throughput performance at operating point (e.g., at SNR for 10% BLER) is very similar to FBRM. 

Proposal 1

· The soft buffer size for Rel-14 5MHz BL UEs is 48768 bits. 
Proposal 2
· To improve the performance with LBRM, the following modulation scheme is adopted.
· The TBS with ITBS within {9. 10} and resource allocation of 13-25 PRBs only use QPSK.

· The TBS with ITBS=11 and resource allocation of 13-22 PRBs, with ITBS=12 and resource allocation of 13-19 PRBs, or with ITBS=13 and resource allocation of 17 PRBs support both QPSK and 16QAM.
Proposal 3
· No change in soft buffer size between UEs with 8 and 10 HARQ processes for Rel-14 5MHz BL UEs.
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Appendix A: Simulation Assumptions

Table 3. Simulation assumptions for PDSCH. 
	Parameter
	Value

	System bandwidth
	10 MHz

	Frame type
	FDD

	Carrier frequency
	2.0 GHz

	Antenna configuration
	1 Rx, 2Tx,  with low correlation

	Channel model
	EPA-5Hz

	Residual frequency offset
	0Hz 

	CFI
	3

	PDSCH occupied BW
	12 and 24 PRBs.

	Repetitions
	1, 2, 4, 8, 16

	Soft buffer size
	48768 (50% reduction), 

65024 (1/3 reduction),

73152 (1/4 reduction),

97536 (full buffer, no reduction)

	Channel estimation
	Cross-subframe channel estimation using 2D-MMSE
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