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[bookmark: _Ref349588338]1. Introduction
In RAN 1 #90bis, the following agreements were made:
Agreements:
· Sub-PRB shall be supported at least in CE Mode B
· Working assumption: Sub-PRB shall be supported in CE Mode A.
· RAN1 will prioritize optimization of Sub-PRB for CE Mode B over optimization of Sub-PRB for CE Mode A.
· For Sub-PRB, the maximum total number of (valid) subframes of transmission is:
· 32 subframes for CE Mode A
· 2048 subframes for CE Mode B
· FFS: Supported transport block sizes and numbers of repetitions (for each supported CE Mode)
· Sub-PRB rate matching is performed across a resource unit (RU) spanning multiple subframes
· The RU length depends on number of subcarriers in the Sub-PRB allocation
· FFS: RE mapping
· FFS: whether more than one RU is allocated per transport block
· For Sub-PRB, increasing DMRS shall not be supported
· For Sub-PRB allocation in connected mode,
· The Sub-PRB feature is configured/enabled by RRC signaling
· The Sub-PRB resource allocation shall be signaled by DCI
· FFS: Support of Sub-PRB allocation in Msg3

Agreement:
· When the Sub-PRB feature is configured/enabled in connected mode in CE mode B,
· DCI format 6-0B shall support both sub-PRB allocation and allocation of at least 1 PRB.
· Sub-PRB allocation shall support a maximum TBS of at least [504] bits.

This contribution analyzes the design for sub-PRB allocation for eFeMTC. 
2. Sub-PRB Allocation for CEModeA
To improve the PUSCH spectrum efficiency of machine-type communication for BL/CE UEs, sub-PRB allocation method will be specified. With sub-PRB allocation, the spectrum efficiency of PUSCH is increased by allocating multiple UEs. For UE in CE Mode B, i.e., extended coverage or extreme coverage, it is reasonable to support sub-PRB allocation for PUSCH. However, for UE in CE Mode A, which is generally in good coverage, the benefits from sub-PRB transmission may not be guaranteed. For example, for a UE in CE Mode A in cell edge, UE may not be able to use maximum transmission due to the power control with 3 tones or 6 tones. In this case, the transmission time for the UE may be prolonged. This may increase the spectrum efficiency by allocating more UEs in one PRB, but it will results in lower UE data rate and larger power consumption. Besides, it takes much specification effort to support sub-PRB optimization for CE Mode A. For example, the DCI design for CE Mode A, and the features supported in CE Mode A need to be revisited or redesigned to support sub-PRB allocation, such as TPC command, CSI report, SRS, TBS for UE with 5MHz capability and so on. Therefore, we propose to further study on the benefit of supporting sub-PRB allocation for CEModeA, as well as the potential impact to data rate and UE power consumption. 
Proposal #1: FFS the necessity to support sub-PRB allocation for CEModeA.
3. Sub-PRB Allocation for CEModeB
In RAN1 #90bis meeting, it has been agreed to prioritize the optimization of sub-PRB for CEModeB over CEModeA. The sub-PRB feature is configured by RRC signaling for the UEs in connected mode. After configured with sub-PRB mode, the UE needs to interpret a new DCI format, which shall support both sub-PRB allocation and allocation of at least 1 PRB. In the following, we will analyze each indication field of the DCI format for sub-PRB mode for CEModeB. 
3.1. Resource Allocation Indication
In practice, the gain of uplink spectrum efficiency contributed by sub-PRB allocation depends on the number of UEs can be scheduled within a certain bandwidth, i.e., within one PRB. Therefore, it is crucial whether the eNB scheduler can find enough co-scheduled UEs to fit in the resources of one PRB. If the sub-PRB allocation with small tone numbers (i.e., single tone) is supported, in order to achieve the expected spectrum efficiency gain, enough UEs suitable for single-tone allocation are needed. UEs suitable for single-tone allocation mean that, even boosting all transmission power onto 15kHz bandwidth, it will not exceed power control target. Otherwise, if power control limits the UE with single-tone allocation, the UE will need longer transmission time to achieve the same performance, which will increase UE power consumption. Based on the channel model in GERAN study [2], the UEs in extended coverage required single-tone allocation is not that many. On the other hand, the traffic model in GERAN study phase [2] is very sparse. That is, it is not very easy for eNB to pair UEs to fill in one PRB. Moreover, different from NB-IoT system, which  supports single-tone allocation for both NPUSCH format 1 and format 2 carrying UCI since the beginning, eFeMTC device may only support sub-PRB allocation since Rel-15 and may be optionally.  All NB-IoT devices support single-tone allocation for NPUSCH for data transmission and HARQ-ACK feedback with single tone. It is harder to pair UEs to fill in the blank tones to achieve the spectrum efficiency expected with single-tone allocation. On the other hand, PSD boosting UE to single tone may result higher interference to neighbor cell compared with spreading power to more bandwidth. If eNB cannot find enough UEs to fill in the whole PRB, it is better to schedule the UE to use more tones to reduce inter-cell interference from system point of view.
Compared with single tone, 6-tone and 3-tone are preferred for sub-PRB allocation in eFeMTC. The granularity of frequency resource with 3-tone and 6-tone allocation is proper, which facilitates the eNB scheduler to find UEs to fill in one PRB, and effectively improves spectrum efficiency of PUSCH. 
Observation 1: It is hard to achieve the expected UL spectrum efficiency gain expected with single-tone allocation for eFeMTC. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Observation 2: PSD boosting to a narrow bandwidth may increase inter-cell interference and has a negative impact on system throughputs. 
Proposal #2: Only support 6-tone and 3-tone allocation, and not support single-tone allocation for sub-PRB allocation. 
Additional indication field is needed, to indicate the number of subcarriers and the location of subcarriers within the indicated PRB. It is natural to inherit the indication field design from NB-IoT. In NB-IoT, starting from the first sub-carrier within one PRB, every 3 subcarriers can be assigned for 3-tone transmission, which have 4 states. In the same way, every 6 subcarriers can be assigned for 6-tone transmission, which have 2 states. Sub-PRB mode needs to support the allocation of at least 1 PRB as well, as in the latest agreements. Therefore, the total number of states for subcarrier allocation within one PRB is 4+2+1 = 7, which needs 3 indication bits.


As agreed in last meeting, the subcarrier indication shall be signaled by DCI. In legacy DCI format 6-0B, the resource block assignment needs +3 bits, where  MSB bits provide the narrowband index, and 3 bits provide the PRB level allocation within the indicated narrowband. PRB level allocation uses 6 states to indicate every one PRB within the indicated narrowband, and the remaining 2 states to indicate two allocation cases of 2 PRBs. There is no spared state that can be used for subcarrier indication. 
One method could be to enlarge the DCI bits with 3 more bits for sub-PRB resource assignment. Another method is introducing 1 bit to indicate legacy resource allocation or new resource allocation with sub-PRB. However, with existing payload in DCI format 6-0B, some of the flexibilities have to be sacrificed. For example, remove both indications of narrowband and PRB index from DCI, and use the saved bits for sub-carrier indication. The reason to remove both indications of narrowband and PRB index is because the bits of narrowband indication are not enough for sub-carrier indication when LTE bandwidth is small, e.g., only 1 or 2 bits when LTE bandwidth is 3MHz or 5MHz. It means that the narrowband and PRB indications will be semi-statically configured by RRC signaling, or even fixed. Compared with introducing 3 more bits into DCI, this solution has larger specification impact, and loses the flexibility at eNB scheduler. It may reduce the performance gain provided by sub-PRB allocation. Therefore, we propose
Proposal #3: Introduce 3 more bits into DCI format 6-0B for the indication of subcarrier number and location.
With additional 3 bits for resource allocation indication, total 6 bits can be used to indicate both PRB index and subcarrier index, providing 64 states. A combined indication of PRB index and subcarrier index can be considered, as show in Table 1. It takes 24 states and 12 states to indicate all possible locations within a indicated narrowband for 3-tone and 6-tone, respectively. The remaining spared states can be used to indicate the PRB level allocation, e.g., every one PRB within the narrowband, and 2-PRB allocations. By this means, the DCI format 6-0B for sub-PRB mode can support all the possible allocation cases, including sub-PRB allocations and 1-PRB and 2-PRB allocations that legacy DCI format 6-0B provides. In fact, if the system load is not heavy, eNB tends to schedule 2 PRBs for the UE to support larger TBS with the same transmission duration. The benefit from the design in Table 1 is that, a CEModeB UE configured with sub-PRB feature, is not necessary to be reconfigured to legacy CEModeB for higher data rate, which provides sufficient flexibility for eNB scheduler. 
Proposal #4: Combined indication of PRB index and subcarrier index can be considered, to support 3-tone, 6-tone, 1 PRB and 2 PRB allocations. 
	Resource Assignment indication ()
	Assigned subcarrier index ()

	0-23 (24 states)
	，
where,  is the -th subcarrier in the -th PRB of the indicated narrowband. 

	24-35 (12 states)
	，
where,  is the -th subcarrier in the -th PRB of the indicated narrowband.

	36-41 (6 states)
	，
where,  is the -th subcarrier in the -th PRB of the indicated narrowband.

	42-44 (3 states)
	，
where,  is the -th subcarrier in the -th PRB of the indicated narrowband.


Table 1
3.2. MCS and Transmission Block Size
High ordered modulation scheme is generally used for the UE with good channel condition, to improve the data rate. CEModeB is defined for the UE in need of large number of repetitions, who is generally in deep coverage. Thus, it only supports QPSK for CEModeB in Rel-13 and Rel-14 eMTC. To introduce sub-PRB allocation into CEModeB, is to improve the spectrum efficiency, instead of increasing the peak data rate of single UE. Therefore, there is no need to support higher ordered modulation than QPSK. 
Proposal #5: Only support QPSK for sub-PRB mode of CEModeB.
[bookmark: OLE_LINK163][bookmark: OLE_LINK164]For legacy CEModeB, The MCS field in DCI 6-0B has 4 bits to indicate , with 5 spared states. The TBS is determined according to the MCS index  and the number of allocated PRBs, as shown in Table 2 (a). The TBS ranges from 56 bits to 1032 bits. The effective coding rate for each TBS value is provided in Table 2. When the  is large, the effective coding rate can exceed 1, e.g.,  with 1 allocated PRB, and  with 2 allocated PRBs. In these cases, it requires the combination of multiple redundancy versions of the transmission block at eNB receiver. For CEModeB, the redundancy version is cycled every  consecutive subframes, where  for FDD, and  for TDD. It implies that to transmit those large TBS at least needs  repetitions (may need more depending on how many RVs are needed for combination at receiver), which is 8 and 10 repetitions for FDD and TDD, respectively. Since the repetition number smaller than  cannot be configured, the granularity of repetition number configuration will be sacrificed, and the maximum data rate that can be achieved by CEModeB is not as large as expected.
Observation 3: For legacy CEModeB, when  with 1 allocated PRB, and  with 2 allocated PRBs, the effective coding rate exceeds 1.
With sub-PRB allocation, instead of mapping on one or two PRBs, rate matching of the TB is performed across RU(s) that spans multiple subframes. Each RU contains the same number of REs as in one PRB. The most straightforward way to determine the TBS for sub-PRB allocation seems to reuse the TBS table for CEModeB, and simply replace the  with . However, as analysed before, the problem of effective coding rate exceeding 1 still exists. To solve this problem, one way could be to reduce the maximum TBS for sub-PRB mode, e.g., only support TBS = 256 bits with 1 RU, and TBS = 504 bits with 2 RUs. The penalty will be for the service with large buffer data, the data package needs to be segmented into more small packages. Every segmented data package requires independent UL grant and HARQ. The increased overhead will cause the degradation of data rate of each UE. 
The other way could be to support larger number of RUs for large TBS, to ensure reasonable coding rates with large TBS. As shown in Table 2 (b), TBS=1032 bits requires at least 4 RUs for one TBS to ensure the coding rate less than 1. Therefore, besides  = 1 and  = 2, it suggests to further support  = 4 for sub-PRB allocation. To avoid introducing more bits for the indication of RU number in DCI, the configured number of RUs can be associated with TBS index, as shown in Table 2 (b). In this way, all the legacy TBS values for  = 1 are retained for sub-PRB mode, using 11 states. The spared 5 states of legacy MCS field can be used to support larger TBS that used to be supported with 2 PRBs, and now with 4 RUs. This TBS table covers most of the TBS values provided by legacy CEModeB under reasonable coding rate, without increasing MCS indication bits or introducing a new indication field for RU number. 
Observation 4:  It requires the configuration of 4 RUs for one TB to ensure a reasonable coding rate for max TBS = 1032 bits.
Proposal #6: Support maximum TBS as 1032 bit for sub-PRB allocation, and support  = 4 for sub-PRB allocation besides  = 1 and  = 2 for reasonable coding rate. Implicit indication of RU number can be considered, which is determined by the association of RU number and TBS index.
	MCS index 
	Modulation
	TBS index 
	TBS

	
	
	
	 = 1
	Coding rate
	 = 2
	Coding rate

	0
	QPSK
	0
	56
	0.19
	152
	0.26

	1
	QPSK
	1
	88
	0.31
	208
	0.36

	2
	QPSK
	2
	144
	0.5
	256
	0.44

	3
	QPSK
	3
	176
	0.61
	328
	0.57

	4
	QPSK
	4
	208
	0.72
	408
	0.71

	5
	QPSK
	5
	224
	0.78
	504
	0.88

	6
	QPSK
	6
	256
	0.89
	600
	1.04

	7
	QPSK
	7
	328
	1.14
	712
	1.24

	8
	QPSK
	8
	392
	1.36
	808
	1.4

	9
	QPSK
	9
	456
	1.58
	936
	1.6

	10
	QPSK
	10
	504
	1.75
	1032
	1.79


(a)
	MCS/TBS index
	Modulation
	TBS
	
	Coding rate

	0
	QPSK
	56
	1
	0.19

	1
	QPSK
	88
	
	0.31

	2
	QPSK
	144
	
	0.5

	3
	QPSK
	176
	
	0.61

	4
	QPSK
	208
	
	0.72

	5
	QPSK
	224
	
	0.78

	6
	QPSK
	256
	2
	0.44

	7
	QPSK
	328
	
	0.57

	8
	QPSK
	392
	
	0.68

	9
	QPSK
	456
	
	0.79

	10
	QPSK
	504
	
	0.88

	11
	QPSK
	600
	4
	0.52

	12
	QPSK
	712
	
	0.62

	13
	QPSK
	808
	
	0.70

	14
	QPSK
	936
	
	0.81

	15
	QPSK
	1032
	
	0.89


(b)
Table 2
3.3. Repetition Number Indication
[bookmark: OLE_LINK166]For BL/CE UEs in CEModeB, configuration of repetition number is designed to meet the coupling loss target of 155dB. As shown in [1], with the same number of subframes for transmission and the same PA power, a sub-PRB transmission provides the same coverage at the same TBS as PRB level transmission. With sub-PRB transmission, each repetition of TB spans across multiple subframes, which depends on the number of RUs and the length of RU. Therefore, to achieve the same coverage with same number of transmission subframes, the required repetition number for sub-PRB transmission can be derived by the repetition of legacy CEModeB scaled by , where  is the number of configured RUs, and  is the length of RU. 
Observation 5:  To achieve the same coverage, the required transmission subframe number for sub-PRB transmission approximates to the transmission subframe number of legacy.
In CEModeB, DCI indicates the index of configured repetition number in the candidate set, where the candidate set is determined by the ‘pusch-maxNumRepetitionCEmodeB’ configured by RRC. It is suggested that sub-PRB mode for CEModeB still supports the 1PRB and 2PRB allocation, as analyzed in Section 2.1. Therefore, it is natural to keep the same indication method of repetition number at least for the UEs in sub-PRB mode with PRB level allocation. For sub-PRB allocation, to reduce the impact on specification the configured repetition number, denoted as , can be further scaled with , as . The value of  and  can be obtained according to the indication of MCS and sub-carrier, as analyzed before. Furthermore, in case that the scaling factor is too small to lose granularity of repetition number configuration, the repetition candidate set for sub-PRB allocation can be fixed, e.g., for 3-tone with 4 RUs. One example is shown in Table 3.
Proposal #7: Follow legacy CEModeB to configure repetition number with High layer parameter ‘pusch-maxNumRepetitionCEmodeB’ and DCI. Scale the repetition number with  if sub-PRB allocation is performed.
	High layer parameter ‘pusch-maxNumRepetitionCEmodeB’
	{n1,n2,…n8}
	3 tone
	6 tone

	
	
	1RU
	2RU
	4RU
	1RU
	2RU
	4RU

	Not configured
	{4,8,16,32,64,128,256,512}
	 
	{1,4,8,16,32,64,128,256} 
	{1,2,4,8,32,64,96,128}
	 
	

	{1,4,8,16,32,64,128,256} 

	192
	{1,4,8,16,32,64,128,192}
	
	
	
	
	
	

	256
	{4,8,16,32,64,128,192,256} 
	
	
	
	
	
	

	384
	{4,16,32,64,128,192,256,384} 
	
	
	
	
	
	

	512
	{4,16,64,128,192,256,384,512} 
	
	
	
	
	
	

	768
	{8,32,128,192,256,384,512,768}
	
	
	
	
	
	

	1024
	{4,8,16,64,128,256,512,1024} 
	
	
	
	
	
	

	1536
	{4,16,64,256,512,768,1024,1536}
	
	
	
	
	
	

	2048
	{4,16,64,128,256,512,1024,2048}
	
	
	
	
	
	


Table 3
3.4. Indication Field of DCI for sub-PRB allocation
Based on above analysis, we show all the indication fileds of DCI for sub-PRB allocation as in Table 4 (b). The indication fields of DCI format 6-0B are also provided in Table 4 (a) for comparison. The changes can be summarized as follows,
· Introduce 3 more bits in resource assignment field, for the indication of sub-carrier indication;
· Different way to interpret MCS field, and introduce implicit indication of RU number, which is associated with MCS index;
· Different way to obtain repetition number, by scaling repetition number with  for sub-PRB allocation.
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	Indication Field in DCI format 6-0B
	Bit size

	Differentiation flag 
	1

	Resource block assignment
	+3

	MCS
	4 (for 11 states)

	Repetition number
	3

	HARQ process number
	1

	NDI
	1

	DCI sf repetition number
	2


(a)
	Indication Field in DCI for sub-PRB allocation of PUSCH
	Bit size

	Differentiation flag 
	1

	Resource block and sub-carrier assignment
	+6

	MCS
	4

	Repetition number
	3

	HARQ process number
	1

	NDI
	1

	DCI sf repetition number
	2


(b)

Table 4
3.5. Other issues for sub-PRB allocation
Channel interleaver



The channel interleaver is used to implement a time-first mapping of modulation symbols onto resource blocks in conjunction with the resource element mapping for PUSCH. For LTE, the column number is , where  is the number of SC-FDMA symbols carrying PUSCH in a subframe. Then the mapping of symbols is performed within a subframe in a time-first order, as shown in Figure 1. For NB-IoT, the column number is defined as, which is the number of SC-FDMA symbols carrying PUSCH in a resource unit. The length of resource unit is determined by allocated tone number. Take 6-tone allocation as an example, Figure 1 shows the symbol mapping of NB-IoT, which is firstly on the symbols across subframes in one sub-carrier, and then on the sub-carriers. The decoding for uplink data has to wait until the whole RU is received. On the other hand, since the design is for eMTC, it is better to allow eNB to process the PUSCH decoding same as LTE (legacy eMTC). 


Figure 1
For sub-PRB allocation in eMTC, it suggests to follow the column number of channel interleaver of LTE, instead of NB-IoT. As shown in Figure 2, when the mapping of symbols is performed subframe by subframe, it is possible to start decoding in the middle of RU transmission. For the cases that code rate is low, eNB may successfully decode the whole transmission block with partial subframes of one RU. The reduction on the latency of UL receiving can be expected. 

Proposal #8: Support the column number for channel interleaver as  for sub-PRB transmission in eMTC. 


Figure 2
4. Conclusion
In this paper, the sub-PRB allocation was discussed. Based analysis above, we have the following observations: 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Observation 1: It is hard to achieve the expected UL spectrum efficiency gain expected with single-tone allocation for eFeMTC. 
Observation 2: PSD boosting to a narrow bandwidth may increase inter-cell interference and has a negative impact on system throughputs. 
Observation 3: For legacy CEModeB, when  with 1 allocated PRB, and  with 2 allocated PRBs, the effective coding rate exceeds 1.
Observation 4:  It requires the configuration of 4 RUs for one TB to ensure a reasonable coding rate for max TBS = 1032 bits.
[bookmark: _GoBack]Observation 5:  To achieve the same coverage, the required transmission subframe number for sub-PRB transmission approximates to the transmission subframe number of legacy.
Based on the observations, we proposed: 
Proposal #1: FFS the necessity to support sub-PRB allocation for CEModeA.
Proposal #2: Prefer 6-tone and 3-tone allocation, and not support single tone for sub-PRB allocation. 
Proposal #3: Introduce 3 more bits into DCI format 6-0B for the indication of subcarrier number and location.
Proposal #4: Combined indication of PRB index and subcarrier index can be considered, to support 3-tone, 6-tone, 1 PRB and 2 PRB allocations. 
Proposal #5: Only support QPSK for sub-PRB mode of CEModeB.
Proposal #6: Support maximum TBS as 1032 bit for sub-PRB allocation, and support  = 4 for sub-PRB allocation besides  = 1 and  = 2 for reasonable coding rate. Implicit indication of RU number can be considered, which is determined by the association of RU number and TBS index.
Proposal #7: Follow legacy CEModeB to configure repetition number with High layer parameter ‘pusch-maxNumRepetitionCEmodeB’ and DCI. Scale the repetition number with  if sub-PRB allocation is performed.

Proposal #8: Support the column number for channel interleaver as  for sub-PRB transmission in eMTC. 
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