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1 Introduction

At the RAN plenary # 75, a new Work Item (WI) on Even Further Enhanced MTC for LTE (“efeMTC”) was approved [1]. In accordance with the Work Item Description (WID) [2], one of the areas to be even further enhanced refers to increasing the PUSCH spectral efficiency. 
· 
Increased PUSCH spectral efficiency [RAN1 lead, RAN2, RAN4]

· E.g. sub-PRB resource allocation, with no less than 3 subcarriers within a sub-PRB allocation.

In RAN1 #88bis several companies provided preliminary simulation results and their view on which technique should be used for increasing the spectral efficiency of the PUSCH [3-13]. In RAN1 #89, additional results using common simulation assumptions were discussed, as well as technical comparisons among the candidate techniques [14-23]. In RAN1 #90, it was agreed to specify the sub-PRB technique to increase the PUSCH spectral efficiency, which can be read from the following agreement [24]:   
Agreements:
· Sub-PRB allocation method shall be specified
Following the above agreement, RAN1 now needs to identify the most suitable way of introducing sub-PRB into PUSCH for BL/CE UEs. In line with it, this contribution is intended to identify a feasible way for introducing with minor specification and implementation impacts the sub-PRB technique into PUSCH, partly by re-using NB-IoT concepts.
2 Background

The sub-PRB technique improves the spectral efficiency by increasing the subcarrier allocation granularity within a PRB. For example, by using the sub-PRB technique two BL/CE devices can coexists within a PRB when each of them are allocated with 6 subcarriers, which represents to be a 100% spectral efficiency improvement. Similarly, four BL/CE devices could be allocated with 3 subcarriers each, leading to a 300% spectral efficiency improvement.
In [18], the support of the sub-PRB technique was proposed to be introduced relying on repetitions by limiting the Transport Block Size (TBS) to 144bits, which keeps the TBS mapping into a TTI having a length of 1ms. The proposal in [18] was analysed in [25], where it was found that the 24bit-CRC results to be too large when sub-PRB transmissions are performed. Table 1 summarizes the findings in terms of CRC overhead. 
Table 1: CRC overhead quantification

	
	When all bits are systematic
	When 1/3 of the bits are systematic

	6 subcarriers over a TTI length equal to 1ms
	16.6667%
	50.0%

	6 subcarriers over a RU equal to 2ms
	8.3333%
	25%

	3 subcarriers over a TTI length equal to 1ms
	33.3333%
	100%

	3 subcarriers over a RU equal to 4ms
	8.3333%
	25%


As can be seen from Table 1, the resulting CRC overhead makes unsuitable performing sub-PRB transmissions where the resource utilization is kept unmodified in the time domain but shrunk in the frequency domain. Thus, for avoiding large CRC overheads, re-using the RU concept from NB-IoT seems to be a better way of adopting the sub-PRB technique for PUSCH. 
3 RU concept from NB-IoT
Reducing the resource utilization in the frequency domain is typically compensated by extending the resource utilization in the time domain. This is the case of the sub-PRB design in NB-IoT, which introduced the Resource Unit (RU) concept for establishing the transmission duration as a function of the number of allocated subcarriers.

In NB-IoT, the resource unit (RU) is the smallest unit over which a Transport Block can be mapped. The RU duration depends on the number of allocated subcarriers, and the size of the subcarrier spacing which determines the slot duration as shown in Table 2.
Table 2: Resource Unit duration as function of the subcarrier spacing, slot duration, and number of allocated subcarriers

	Subcarrier spacing
	Slot duration
	Number of allocated subcarriers
	Length of the Resource Unit



	15KHz
	0.5ms
	12
	1ms

	
	
	6
	2ms

	
	
	3
	4ms

	
	
	1
	8ms

	3.75KHz
	2ms
	1
	32ms


Moreover, in NB-IoT a TBS can be mapped over one RU or multiple resource units as illustrated in Figure 1.
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Figure 1: TBS mapping over one or multiple resource units (“U” stands for an Uplink subframe)

In NB-IoT, in addition of using multiple RUs for mapping a TBS, the number of scheduled RUs can be repeated 1, 2, 4, 8, 16, 32, 64, 128, or 256 times. Figure 2 shows an example for a resource mapping with repetitions, when the DCI Format N0 has indicated the following: Subcarrier indication: 12-tone allocation, Number of resource units: 2, and Number of NPUSCH repetition: 4.
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Figure 2: TBS mapping over multiple resource units accounting for repetitions (“U” stands for an Uplink subframe)

As can be seen from the above figure, the transport block is mapped over 2 RUs lasting each for 1ms, and then repeated four times.
Once the Resource Unit concept as designed for NB-IoT has been described, in the subsection below we describe how some of the basic principles of the RU concept can be inherited for the support of sub-PRB for PUSCH for BL/CE UEs.

4 Sub-PRB in PUSCH

The sub-PRB allocation for PUSCH can inherit the resource unit (RU) concept from NB-IoT minimizing the specifications and implementation impacts by using the following approach:

· For a sub-PRB allocation over PUSCH, the RU length can vary as a function of the number of allocated subcarriers following the NB-IoT design, mapping the TBS only over one RU (i.e., every repetition consists of one RU).

For the proposed approach, the RU length follows the NB-IoT design for a subcarrier spacing equal to 15KHz as depicted in Table 3.

Table 3: sub-PRB allocation for PUSCH using a RU of variable length and following the NB-IoT design

	Subcarrier spacing
	Slot duration
	Number of allocated subcarriers
	Length of the Resource Unit



	15KHz
	0.5ms
	12
	1ms

	
	
	6
	2ms

	
	
	3
	4ms

	
	
	1
	8ms 


Proposal 1: For a sub-PRB allocation over PUSCH, the RU length varies as a function of the number of allocated subcarriers following the NB-IoT design (15KHz subcarrier spacing), being the TBS mapping performed only over one RU (i.e., every repetition consists of one RU).
4.1 Introducing the RU concept by re-using the TBS tables as designed for PUSCH
In CE mode B which is the Coverage Enhancement mode mostly used in the evaluations of this WI [3-23], the PUSCH is modulated with QPSK and mapped to 1 or 2 PRBs within a narrowband. The subsection below describes how the CE Mode B TBS tables as they were designed for PUSCH, can be re-used to adopt the resource unit concept for supporting the sub-PRB technique over PUSCH by using only one RU.

4.1.1 CE mode B: Sub-PRB over PUSCH, the TBS is mapped only over one (i.e., every repetition consists of one RU)

CE Mode B: According to the 3GPP specifications, the maximum PUSCH channel bandwidth for CE Mode B is 2 PRBs. For introducing sub-PRB over PUSCH, what is being proposed here is to re-use the TBS table as designed for PUSCH focusing only on the PRB #1, which will be used to take the role of 1RU. That is, for full PRB allocations the table is used as today, while for sub-PRB allocations the PRB # 1 (left column in Table 4 under # PRBs) becomes one RU.

Table 4: TBS table as designed for PUSCH in CE mode B, re-used to adopt the RU concept for supporting the sub-PRB technique by using at most 1RU.
	MCS index
	Modulation scheme
	TBS index
	CE mode B

	
	
	
	# PRBs

	
	
	
	NRU for sub-PRB allocations
	

	
	
	
	1
	2

	0
	QPSK
	0
	56
	152

	1
	QPSK
	1
	88
	208

	2
	QPSK
	2
	144
	256

	3
	QPSK
	3
	176
	328

	4
	QPSK
	4
	208
	408

	5
	QPSK
	5
	224
	504

	6
	QPSK
	6
	256
	600

	7
	QPSK
	7
	328
	712

	8
	QPSK
	8
	392
	808

	9
	QPSK
	9
	456
	936

	10
	QPSK
	10
	504
	1032

	11
	16QAM
	11
	Unused

	12
	16QAM
	12
	

	13
	16QAM
	13
	

	14
	16QAM
	14
	

	15
	16QAM
	15
	


Aiming at not causing significant specifications and implementation impacts, the proposed approach makes use of only 1RU for performing sub-PRB transmissions over PUSCH. As an example, when a subcarrier allocation consisting of 3 subcarriers is used along with a MCS index and TBS index equal to 6, then the Transport Block consisting of 256 bits would be mapped over a single Resource Unit lasting for 4ms.

Proposal 2: Re-use the CE Mode B TBS table as designed for PUSCH, focusing only on PRB #1 which will be used to take the role of 1 RU for performing sub-PRB transmissions (i.e., for sub-PRB allocations the PRB # 1 becomes one RU).
Note that in CE mode B, the maximum number of repetitions that can be used is 2048, which leads to a maximum transmission length of 2048ms. Thus, if upon introducing the Resource Unit concept for sub-PRB transmissions over PUSCH the maximum transmission length is intended to be preserved, then the maximum number of repetitions for the sub-PRB allocations would have to be revised as follows:

· Maximum number of repetitions would be 1024, 512, and 256 for 6, 3, and 1 subcarriers, respectively. 
Observation 1: In CE mode B, the maximum transmission length of 2048ms. If the maximum transmission length is intended to be preserved for sub-PRB transmissions over PUSCH using the RU concept, then the maximum number of repetitions for the sub-PRB allocations would have to be revised as: Max repeats {1024, 512, 256} for {6, 3, 1} subcarriers, respectively.
Performing sub-PRB transmissions over PUSCH by using only one RU makes also possible to transmit larger packets, in that case packet segmentation at higher layers would have to be applied to fit the TB sizes as defined for 1PRB.
Observation 2: Sub-PRB transmissions over PUSCH using one RU can be used to transmit larger packets, in that case packet segmentation at higher layers would have to be applied to fit the TB sizes as defined for 1PRB. 
If supporting larger Transport Blocks than the ones available under PRB # 1 were deemed as important, then one possibility could consist in borrowing TB sizes from the set of values associated to the PRB #2 to fill-in the unused fields in PRB #1. That is, TBs equal to 600 bits, 712 bits, 808 bits, 936 bits and 1032 bits would be associated to the TBS index from 11 to 15. 

Observation 3: If supporting larger Transport Blocks than the ones available under PRB # 1 were deemed as important, then one possibility could consist in borrowing TB sizes from the set of values associated to the PRB #2 to fill-in the unused fields in PRB #1.
Moreover, the modulation scheme can be unified to QPSK if for the TBs that in principle would require the usage of a higher order modulation (i.e., 16QAM), we indicate via higher layers a fall back to QPSK, and we rely on repetitions using different redundancy versions for transmitting such a large TB sizes. This approach has been previously used in LTE and is known as “QPSK modulation override” [26]. 
Observation 4: If larger Transport Blocks than the ones available under PRB # 1 are supported, the modulation scheme can be unified to QPSK if for the TBs that in principle would require the usage of a higher order modulation (i.e., 16QAM), we indicate via higher layers a fall back to QPSK, and we rely on repetitions using different redundancy versions for transmitting such a large TB sizes.
5 Conclusions 

This contribution provided an analysis on how to introduce the sub-PRB technique into PUSCH by re-using NB-IoT concepts without causing significant specifications and implementation impacts. From the analysis performed the following observations and proposals are stated:
Proposal 1: For a sub-PRB allocation over PUSCH, the RU length varies as a function of the number of allocated subcarriers following the NB-IoT design (15KHz subcarrier spacing), being the TBS mapping performed only over one RU (i.e., every repetition consists of one RU).

Proposal 2: Re-use the CE Mode B TBS table as designed for PUSCH, focusing only on PRB #1 which will be used to take the role of 1 RU for performing sub-PRB transmissions (i.e., for sub-PRB allocations the PRB # 1 becomes one RU).
Observation 1: In CE mode B, the maximum transmission length of 2048ms. If the maximum transmission length is intended to be preserved for sub-PRB transmissions over PUSCH using the RU concept, then the maximum number of repetitions for the sub-PRB allocations would have to be revised as: Max repeats {1024, 512, 256} for {6, 3, 1} subcarriers, respectively.
Observation 2: Sub-PRB transmissions over PUSCH using one RU can be used to transmit larger packets, in that case packet segmentation at higher layers would have to be applied to fit the TB sizes as defined for 1PRB. 
Observation 3: If supporting larger Transport Blocks than the ones available under PRB # 1 were deemed as important, then one possibility could consist in borrowing TB sizes from the set of values associated to the PRB #2 to fill-in the unused fields in PRB #1.
Observation 4: If larger Transport Blocks than the ones available under PRB # 1 are supported, the modulation scheme can be unified to QPSK if for the TBs that in principle would require the usage of a higher order modulation (i.e., 16QAM), we indicate via higher layers a fall back to QPSK, and we rely on repetitions using different redundancy versions for transmitting such a large TB sizes.
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